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 Semiconductor nanocrystals exhibit optical properties that originate from the 
quantum confinement of charge carriers when one or more dimensions of the material 
decreases below the exciton Bohr radius; these properties are attractive for implementation in 
optoelectronic and photovoltaic device architectures. Quasi-spherical semiconductor 
nanocrystals called quantum dots experience quantum confinement in three dimensions and 
are commonly less than five nanometers in diameter. Due to their small size, the 
semiconductor lattice core accounts for a relatively low proportion of the nanocrystal—
chemical reactivity and tunability are primarily governed by the molecular ligand shell which 
passivates the inorganic ions of the terminating lattice planes.  
Interrogation of the molecular-level surface structure and reactivity of the 
semiconductor crystal is difficult to obtain directly by microscopy, necessitating use of a 
combination of spectroscopic and chemical methods. To gain insight into the structure and 
reactivity of the ligand–lattice interface, quantitative titrations with chemical probes which 
undergo predicable reactivity were first employed to elucidate unknown surface topology. 
Conversely, chemical probes which proceed through unknown and convoluted reaction 
mechanisms were next interpreted in light of new understanding of the surface structure 
advanced within this dissertation. To further extend this work, both chemical and redox 
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probes were combined to investigate the thermodynamic potential of metal-based charge 
carrier trap states at nanocrystal surfaces. 
  The semiconductor nanocrystals studied herein are passivated by oleate ligands, 
which contain spectroscopic handles ideal for quantification by nuclear magnetic resonance 
spectroscopic titrations. Ligand-based chemical probes investigated during this work include 
thiols and carboxylic acids with spectroscopic handles distinct from those of the native oleate 
ligands. Peak area, peak shifting, and peak broadening of each resonance yield information 
about the quantity of bound and free ligands as well as qualitative insight into ligand 
exchange equilibria. The reaction mechanisms examined during this research include L-type 
binding, X-type exchange, and Z-type displacement coupled with L-type binding to either the 
nanocrystal surface or the liberated Z-type ligand. Aided by inductively coupled plasma mass 
spectrometry, novel insight into Z-type ligand displacement mechanisms and associated 
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CHAPTER 1. INTRODUCTION 
Adapted with permission from *Hartley, C. L., *Kessler, M. L., and Dempsey, J. L. 
Molecular-Level Insight into Semiconductor Nanocrystal Surfaces. J. Am. Chem. Soc., 2021, 
143, 1251–1266. © 2021 American Chemical Society 
 
1.1 Semiconductor Nanocrystals: An Important Class of Materials Undergoing 
Continual Improvement. 
 Semiconductor nanocrystals (NCs) are hybrid materials composed of a semiconductor 
lattice core terminated by exposed ions, many of which are passivated with molecular 
capping ligands. This hybrid structure imparts stability in colloidal solutions and enables 
processability. Broadly, NCs span multiple shapes and sizes. Of particular interest for 
applications, semiconductor NCs can exhibit a quantum confinement effect if one dimension 
is smaller than its exciton Bohr radius (e.g., two-dimensional quantum wells, one-
dimensional nanowires, and zero-dimensional quantum dots). Selection of semiconductor 
material, size, capping ligand, and dimension therefore affords a high degree of tunability to 
the optical and electronic properties of the NC. These characteristics have made NCs 
promising candidates for implementation in technologies ranging from optoelectronic 
devices to biodiagnostics and photocatalysis.1,2  
 The last few decades have witnessed sweeping advancements in synthetic methods 
for accessing II–VI, IV–VI, and III–V semiconductor NCs, and an array of perovskite NCs 
due to their promise as next generation materials. Synthetic preparations have realized 
homogeneous NC morphologies including tetrapodal,3 quasi-spherical,4–7 platelet,8,9 
hexahedral,10 and cuboidal structures,11 among others.12–15 Reproducible procedures yielding 
monodisperse NCs have afforded new opportunities to study material properties and 
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reactivities, and to explore implementation in a variety of device architectures. However, 
unlike the exquisite level of control over shape and size dispersity achieved in NC syntheses, 
the field’s understanding of another key aspect of NCs, the surface structure (both physical 
and electronic), has been limited to vague descriptors until very recently.   
 In considering the properties and reactivity of semiconductor NCs, one of the most 
defining features is the surface. Compared to bulk semiconductors, NCs have much larger 
surface area-to-volume ratios. This results in a class of materials with properties that are 
heavily influenced by the structural and electronic character of the surface. The structural 
properties are dictated by the surface atoms which form the ligand−lattice interface and 
interact with solvent16 or molecular reagents.17 The strained surface of NCs is often a source 
of structural defects such as under-coordinated sites, missing atoms, and dimerized species 
(Figure 1.1). Additionally, the surface is well known to be a source of mid-band-gap 
electronic “trap states” and to be intimately linked with the overall NC electronic structure.18 
Though commonly associated with undesirable properties such as low photoluminescence 
quantum yields (PLQY), structural defects and trap states have also been invoked as 
promoting desirable or controllable reactivity at the surface.19 In sum, the role of the surface 
cannot be overstated, and in large part this motivates the use of NCs in systems seeking to 
study interfacial reactivity. Despite their importance in dictating NC reactivity and 
properties, NC surfaces are poorly understood due to a lack of molecular-level information. 
Analytical tools—especially tools that have traditionally been used by molecular chemists 
(e.g., nuclear magnetic resonance (NMR) and infrared (IR) spectroscopies, inductively 
coupled plasma mass spectrometry/optical emission spectroscopy (ICP-MS/OES), etc.)—
have been increasingly utilized in recent years to better characterize semiconductor 
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stoichiometry and surface ligands. As a result, it is now routine to describe the NC surface by 
reporting the ligand packing density and coordination modes, in complement with the NC 
diameter obtained through optical spectroscopy and transmission electron microscopy 
(TEM). However, simply identifying the composition of ligands bound to the surface or 
estimating the general shape and size of the NC is not sufficient to fully account for 
experimental observations or thoughtfully engineer surfaces. Instead, we argue that multiple 
techniques must be used in concert to analyze the molecular identities and reactivities of 
surface moieties and link these to the electronic properties of the material. 
 
Figure 1.1. (a) Nanocrystals discussed herein are hybrid materials with an inorganic 
semiconductor lattice and molecular capping ligands. When a NC surface is fully passivated 
with ligands, the electronic structure is free of mid-gap states. (b) In the case of defects at the 
NC surface such as (i) underpassivated surface ions, (ii) surface ion dimerization, or (iii) 
stripped or missing surface atoms, electronic states may arise within the band gap. While 
these are common cases, we note that the defects depicted here are not an exhaustive list. The 
state below the conduction band (CB) corresponding to an electron trap is drawn for a 
cationic defect; analogously, the state above the valence band (VB) corresponding to a hole 
trap is drawn for an anionic defect. 
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 In this chapter, I outline what it means to take a molecular-level approach to probing 
semiconductor NC surfaces. Herein, we define “molecular-level insight” into NC surfaces as 
an advance that provides clarity into the detailed physical or electronic structure (e.g., 
oxidation state, coordination number, or binding mode) of the capping ligands, the 
nanocrystalline lattice ions, or a combination of both constituents. Following the discussion 
of taking a molecular-level approach, we detail the growing toolbox of analytical techniques 
suited to this goal. We then highlight recent literature examples which serve as case studies 
that have provided unprecedented insight into surface structure and reactivity by employing 
creative combinations of the analytical tools discussed. Finally, we provide an outlook on the 
state of the field and identify opportunities to expand molecular-level understanding in order 
to push the boundaries of current NC technologies. 
1.2 Studying Nanocrystal Surfaces with a Molecular-Level Approach 
 To gain molecular-level understanding of (and ultimately control over) the NC 
surface, the structure and reactivity must be determined for each of the two inextricable 
components of a NC: the inorganic crystal lattice and the ligand shell. Several fundamental 
properties underpin the structure and reactivity of the inorganic lattice: the material crystal 
structure, the exposed facets, and the NC shape (morphology) (Figure 1.2a). These 
properties result from energy minimization of the surface during NC synthesis.1 Synthetic 
conditions directly influence the crystal structure of the semiconductor material through 
coordination of the inorganic surface ions by molecular surfactants. For example, it has been 
shown that while carboxylates promote the formation of zinc blende CdSe NCs, the use of 
phosphonate ligands during synthesis instead induces the formation of the material in the 
wurtzite crystal structure due to a difference in preferred surface ion–ligand coordination.20 
Also resulting from surface energy minimization during NC growth, the exposed planar 
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facets which comprise NC surfaces are directly linked to the underlying crystal structure. 
Different surface facets vary in their atomic arrangement, stoichiometry, and coordination 
environment. For example, in PbS NCs, the {111} facets that dominate in small NCs tend to 
be Pb-rich, whereas the {100} facets exposed in larger NC sizes are stoichiometric in Pb and 
S.21,22 Finally, tuning the synthetic conditions can produce NCs of various morphologies, 
each of which display a unique distribution of exposed facets. For instance, quasi-spherical 
CdSe NCs are known to possess {100} and {111} facets, whereas the surface of CdSe 
nanoplatelets is dominated by {100} facets.23 Together, the material crystal structure, 
exposed crystalline facets, and NC morphology are crucial properties to characterize, assess, 
and potentially exploit to probe the molecular-level coordination environment of the surface.  
 
Figure 1.2. A molecular-level understanding of NC surfaces requires detailed knowledge of 
(a) lattice-based properties, (b) ligand-based properties, and (c) properties related to the 
surface inorganic ions (shown here for a II−VI NC; additional oxidation states and 
coordination numbers are possible for different systems, e.g., perovskites and III−V 
semiconductors).   
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 The inorganic ions arranged on NC facets constitute only one half of the NC surface; 
the ligand shell comprises the second, but equally important, half. In determining the 
structure and reactivity of the NC surface, ligand-based properties such as charge and binding 
motif are important to define and consider. Characterization of ligand binding is often 
interpreted within the framework of Green’s covalent bond classification, which assigns 
ligands as L-, X-, or Z-type binding motifs.24,25 L-type ligands are Lewis bases, contributing 
two electrons to the inorganic ion through a dative bond; X-type ligands are one-electron 
donors which bind covalently with inorganic ions; and Z-type (equivalently MXn, M = metal) 
ligands act as Lewis acidic two-electron acceptors (Figure 1.2b). Additionally, neutral ion-
paired X-type binding motifs have been reported for II–VI quantum belts,26,27 perovskites,28 
and metal oxide NCs,29 and can be exchanged for other neutral ligands.27 Neutral ligands 
such as L-type amines or Z-type metal carboxylates are commonplace in colloidal NCs and 
serve a key role in both stabilizing NCs in laboratory solvents and passivating inorganic 
surface ions.1 X-type ligands are anionic—in nonstoichiometric NCs that have metal-rich 
surfaces, X-type ligands serve to compensate the excess cationic charge, thereby providing 
net neutrality to the NCs and enabling dispersion in nonpolar solvents. In addition to 
classifying ligands in these categories, electronic passivation at the NC surface cannot be 
fully described without consideration of the binding geometry of the ligand anchoring group 
(Figure 1.2b). For instance, multidentate carboxylate ligands may bind through 
monodentate, chelating bidentate, or bridging bidentate coordination modes, providing an 
array of coordination numbers to the surface metal cations. Finally, site-specific ligand 




 Though researchers continue to describe colloidal semiconductor NCs as hybrid 
structures composed of an inorganic lattice and a coating of surfactants, it is increasingly 
apparent that such a distinction between the lattice and its ligands is an oversimplification.18 
While X- and L-type ligands are distinct from the inorganic semiconductor lattice, Z-type 
ligands bridge the ligand–lattice interface. They may either be considered as an MXn unit (Z-
type ligand), or viewed as a metal ion (Mn+) that terminates the semiconductor lattice and 
coordinates nX-type ligands. Both cases are indistinguishable from the perspective of the 
NC-bound state, yet Z-type and X-type ligands display different reactivity towards various 
molecular reagents. Experimental evidence and computational treatment to distinguish 
between X-type ligands which are displaced as constituents of an MXn moiety or through 1:1 
X-type exchange are lacking. Recognizing that the information gained from ligand-based 
reactions does not necessarily yield insight into the coordination environments of species in 
their native, bound state is important. Since passivation of the NC surface as a function of the 
charge and coordination number of surface species is currently poorly understood, it is 
crucial to continue to interrogate the precise nature through which X- and Z-type ligand 
binding occurs in order to predict the chemical reactivity of the surface. 
 The lattice and ligand constituents of a NC’s chemical composition does not fully 
describe the molecular-level structure or properties at the ligand–lattice interface. 
Importantly, chemical properties related to the surface inorganic ions such as coordination 
number, oxidation state,30,31 or defects contribute to the molecular-level depiction of the 
surface (Figure 1.2c). Defects including metal dimers,32 chalcogen dimers,30 and 
undercoordinated ions can be intrinsic to the NC material or induced post-synthetically and 
should be considered during investigations of NC surfaces. Furthermore, defining NC 
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surfaces with molecular-level precision must be contextualized with at least two factors: 
dynamic equilibria between the NC surface and its surrounding media, and heterogeneity 
across the surface of an individual NC as well as within the colloidal ensemble. As the 
presence of these factors is unavoidable to a certain extent, research questions should directly 
acknowledge and address equilibria and heterogeneity by exploiting new methods of 
obtaining, interpreting, and applying molecular-level insight. In light of these considerations, 
we discuss recent advances that elucidate the complex and dynamic nature of the NC surface 
within the broader context of single particle and ensemble heterogeneity to determine the 
structural origins of mid-gap charge carrier trap states. First, we highlight and briefly discuss 
the myriad of techniques currently available to answer these questions. 
1.3 How We Advance Understanding: A Growing Toolbox of Methods for Studying 
NC Surfaces  
 Over the last several decades, research has emphasized improved characterization of 
nanomaterials and their surfaces. In turn, a large number of tools used in the traditionally 
molecular research realm have been translated for the study of NCs. These tools can be 
grouped based on the surface component that they interrogate: the capping ligands, the 
ligand–lattice interface, or the electronic structure of the surface (Figure 1.3). Here we 
provide a general overview of the emerging toolbox for gaining molecular-level 




Figure 1.3. Current state-of-the-art analytical and computational techniques that yield 
molecular-level insight into NC surfaces. 
 Capping Ligands. The most common tool used to study the capping ligands at NC 
surfaces is solution-phase nuclear magnetic resonance (NMR) spectroscopy. NMR 
spectroscopy is a convenient, non-destructive tool for assessing ligand coverage and 
distinguishing between surface-bound and freely diffusing molecular species.33,34 
Furthermore, common NMR probes can detect a range of nuclei including 1H, 13C, 31P, and 
19F, enabling detection of a wide variety of heteroatoms in the ligands bound to the surface. 
Beyond ligand characterization, 1D solution-phase NMR techniques can inform on the 
relative binding strengths of different ligand populations,21,35,36 dynamic ligand exchange 
equilibria,37–40 and the extent of solvent-ligand interactions.16 2D NMR techniques such as 
nuclear Overhauser effect spectroscopy (NOESY) and diffusion-ordered spectroscopy 
(DOSY) can interrogate ligand-ligand interactions and deconvolute overlapping ligand 
resonances, respectively.41,42   
 Additionally, thermal techniques such as thermogravimetric analysis (TGA)43,44 
and calorimetry43,45 have been shown to provide valuable information on the identity and 
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binding strength of the surface capping ligands. Mass spectrometry methods (e.g., 
electrospray ionization,44 or  simultaneous thermal analysis46)  may also be used to confirm 
ligand identity. While useful, a downside of these techniques compared with NMR 
spectroscopy is the required decomposition of samples for the measurements.  
 Ligand–Lattice Interface. Most tools comprising the surface characterization toolbox 
reveal the structure and bonding configurations of lattice atoms with capping ligands at the 
interface. These tools can be broadly grouped into: (i) methods that reveal the as-synthesized 
NC surface structure (e.g., NMR and vibrational spectroscopies, X-ray techniques, small-
angle neutron scattering (SANS), and TEM); (ii) tools that explore surface structure by 
assessing reactivity with added chemical reagents (e.g., chemical probes and ICP-MS/OES); 
and (iii) computational methods.  
 In addition to probing the capping ligands, NMR spectroscopy can also be used to 
study the ligand–lattice interface. This may be achieved by using probes corresponding to the 
nuclei that compose the material of interest (e.g., 207Pb, 113Cd, 133Cs, 79/81Br, or 77Se).23,47–53 
By directly studying the nuclei of lattice atoms, it is possible to learn about their local 
environment. For example, metal halide perovskite materials can be explored by halide 
NMR, or by nuclear quadrupole resonance (NQR) if composed of halides with large 
quadrupole moments (e.g., 127I).50 While these less traditional nuclei have been successfully 
probed by NMR spectroscopy, the sensitivity is often quite low.23,50,51 Solid-state samples 
may produce better signal-to-noise ratio in some cases.23,51 In further attempts to improve 
NMR feature resolution, several literature reports in recent years have used dynamic nuclear 
polarization (DNP) and cross-polarization magic-angle spinning (CPMAS)-enhanced NMR 
to probe nanomaterials.54,55 These NMR enhancement methods have resulted in spectra with 
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exquisite resolution, enabling differentiation between core and surface atoms. Solid-state 
NMR experiments involving dipolar dephasing have further provided spatial resolution of 
CsPbBr3 perovskite NC surfaces, yielding a comprehensive picture of lattice termination and 
ligand binding.52 The use of NMR spectroscopy to study the ligand–lattice interface is 
therefore a promising avenue for gaining very specific structural insight, with the caveat that 
many of the more exotic methods noted here beyond 1D 1H NMR are not widely available to 
most researchers.  
 Vibrational spectroscopy tools including infrared (IR) and Raman spectroscopies 
are effective for studying surface atom coordination environments and ligand binding modes. 
IR spectroscopy can be used to assess purity, confirm bound ligand identity,27,35 gauge 
binding modes of multidentate ligands such as carboxylates,23,47,56 and even characterize 
semiconductor surface atom bonding by monitoring heavy atom vibrational signatures at low 
wavenumbers.57 As a complementary method, Raman spectroscopy can probe features of 
interest related to lattice atom and ligand bonding. For example, Buhro and coworkers 
applied Raman spectroscopy in a recent study on CdSe quantum belts to differentiate 
between binding of protonated L-type thiol ligands vs. X-type thiolates by monitoring the S–
H stretch at 2578 cm-1.58 Other works have used Raman signatures to characterize surface 
oxide defects59,60 or the presence of oxidized chalcogenides.61 Beyond probing static 
coordination environments at the surface, several research groups have turned to time-
resolved infrared and Raman spectroscopies to better understand the dynamic nature of 
ligand coordination, especially in relation to the core exciton.62,63 Benefits of both IR and 
Raman are their ease of use and relatively inexpensive instrumentation compared with NMR, 
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though these spectroscopies are most helpful when used in complement with another 
technique to gain a comprehensive picture of the surface, as highlighted below (Section 1.4). 
 X-ray techniques provide insights into structure at the ligand–lattice interface; one 
can learn about the lattice crystal structure using powder X-ray diffraction (PXRD), the 
coordination and local environment of surface atoms using X-ray absorption fine structure 
(XAFS), or the interparticle distance and size distribution of the particles with small-angle 
X-ray scattering (SAXS).  Notably, SAXS provides indirect insight into the local 
environments at NC surfaces. The applications of these tools to study NCs have recently 
been reviewed in detail.64–68 The insight provided by X-ray techniques—into both the 
underlying inorganic crystal structure and the local environments of surface atoms—is 
critical to developing molecular-level understanding of NC surface structure.69,70 While 
PXRD is typically available on university campuses, methods such as XAFS often require 
collaborations at specialized research institutes that have the necessary instrumentation and 
access to a synchrotron source, making them less commonly used despite their potential for 
high-value insight. In comparison to PXRD, XAFS, and SAXS, small-angle neutron 
scattering (SANS) has been less frequently utilized for probing the surface structure of NCs; 
however, SANS has the capability to analyze the inorganic lattice, surface capping ligands, 
and surrounding solvent simultaneously.64,71–73 While incredibly useful for studying NC 
surface chemistry with atomic-level detail and high spatial resolution, limited access to 
neutron scattering diffractometers has likely impeded the incorporation of SANS as a 
widespread technique.71   
 Characterization of NC surfaces through microscopy-based imaging techniques has 
also received attention in recent years. In particular, the resolution of transmission electron 
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microscopy (TEM), traditionally used for gauging particle shape and size dispersity, has 
advanced such that the images collected can be used to improve understanding of surface 
atom bonding. An example by Alivisatos and coworkers illustrates the insight gained from 
powerful high-resolution TEM imaging.74 High-resolution images elucidated the atomic 
attachment between fused wurtzite CdSe nanocrystal lattices, showing structural defects 
upon NC–NC dimer formation.74 As resolution in TEM imaging and post-imaging processing 
continue to improve, we anticipate that TEM will be more commonly used for studying NC 
surface structure and bonding.  
 Beyond measurements on the native surface structure collected with the techniques 
described above, insights can be gained by inducing chemical changes at the NC surface. The 
use of chemical probes is an emerging tool for studying NC surfaces, wherein researchers 
add molecular reagents that react with predictable surface moieties to samples of NCs. 
Importantly, chemical probes must be coupled with another technique to monitor changes in 
either the NC, chemical reagent, or products formed to draw conclusions about surface 
chemistry. Because the use of chemical probes can be quantitative when done with precision, 
a remarkably detailed picture of the surface structure can emerge, as highlighted in Section 
1.4. Two broad categories of chemical probes have emerged in the literature: redox-active 
probes and ligand-based probes. Redox-active probes report on surface species by reacting 
with surface sites via a reduction or oxidation reaction. The chemical products formed upon 
reaction with the probe can then serve as an indirect reporter on sterically accessible surface 
sites. In contrast to redox-active probes, ligand-based probes typically utilize a ligand 
displacement method (e.g., L-type-promoted Z-type displacement—see Section 1.4) to 
systematically and selectively remove bound ligands. The resulting byproducts of the 
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reaction can be detected in solution and used to deduce a picture of the native surface 
species. The use of chemical probes has been reported across CdSe,30,35,75 InP,76,77 and PbS21 
nanomaterials, providing key experimental understanding of bonding environments and 
reactivity at the surface.  
 Similarly, it is possible to learn about the NC surface by disrupting the native surface 
chemistry and then probing the resulting chemical species and NC composition by 
inductively coupled plasma (ICP)-based methods such as ICP-optical emission 
spectroscopy (ICP-OES) or ICP-mass spectrometry (ICP-MS). ICP-based tools are highly 
quantitative techniques for determining the stoichiometry of the inorganic lattice of NC 
materials (rather than the capping ligands). While these techniques are typically employed to 
reveal the core stoichiometry, the use of ICP-based techniques to quantify the reaction 
products of chemical probes or dopants can inform on the native surface structure and its 
reactivity. For example, both ICP-OES and ICP-MS can distinguish between cationic 
dopants incorporated at the surface or within the core lattice.78,79 Additionally, the 
stoichiometry of surface moieties (e.g., Z-type ligands) liberated by ligand-based probes can 
be assessed by measuring the metal ion concentration using ICP-based techniques in tandem 
with 1H NMR spectroscopy to quantify the organic constituents.21 Because the detection 
limits for certain elements can be orders of magnitude higher when using ICP-OES than for 
ICP-MS, selection of the proper detection and sample digestion methods for each element is 
crucial to obtain trustworthy, highly quantitative data.78  
 Finally, the computational tool density functional theory (DFT) is an important and 
increasingly common approach to studying the physical structure of the NC surface on a 
molecular level. For example, studies rationalizing the presence of hydroxide ligands on PbS 
15 
 
NCs,80 preferred ligand packing arrangements,81 differences in binding strengths of Z-type 
ligands on specific NC surface facets and sites, 36,82 and dimerization of surface atoms as a 
source of electronic traps32,83 have provided immense structural insights. These 
computational works have in turn inspired new experiments and rationalized confounding 
experimental results, thus proving an indispensable tool for advancing the understanding of 
NC surfaces. 
 Surface-Based Electronic States. Both computational and experimental methods may 
be used to investigate the electronic structure at the surface with the goal of correlating mid-
gap electronic states with specific structural moieties. DFT is not only useful for predicting 
surface structure but can also correlate the expected physical structure with electronic states 
and surface reactivity.84–86 The modeled electronic structure of the surface depends on the 
ligand coverage and surface charging, and has been crucial for better understanding the 
precise nature of surface bonding and passivation strategies across different materials.32,85 
Unlike experimental tools, DFT may predict the formation of electronic states based on 
surface chemistry without convolution from the external environment (solvent) or possible 
impurities. To that end, application of computational methods to better understand links 
between the surface and electronic structure of less well-studied NC materials and 
morphologies (e.g., quantum dots vs. nanorods vs. nanoplatelets) will be critical.  However, it 
is important that computational proposals be closely tied to experimental observations to 
ensure the validity of theoretical findings. 
 X-ray methods are also powerful tools to experimentally probe electronic states in 
materials. These include X-ray photoelectron spectroscopy (XPS), X-ray emission 
spectroscopy (XES), and X-ray absorption near edge structure (XANES), each of which 
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can provide highly sensitive measurements of the oxidation state of surface atoms. By 
informing on the oxidation state of surface atoms (e.g., the presence of Pb0 sites on 
perovskite NCs),87 the correlation between reduced or oxidized surface atoms and the 
formation of mid-gap electronic states can be elucidated.88 However, these spectroscopic 
tools are limited in that the penetration depth of the applied X-rays is often greater than the 
diameter of most NCs. As such, while surface atoms are indeed probed by these methods, 
they cannot be selectively monitored without significant spectral contribution from core 
atoms. The discrepancy between X-ray penetration depth and NC size therefore limits the 
possible information gained about sub-populations of surface defects. A related technique, 
ultraviolet photoelectron spectroscopy (UPS), can inform on the energetics of mid-gap and 
band-edge states, where changes in surface chemistry (e.g., ligand dipole moment) have been 
shown to influence the absolute energies.89,90 The application of these tools to study NCs is 
an emerging area of research, and future work in this field may reveal the full power and 
limitations of these tools. For a thorough description of each method and the differences 
between them, we again direct readers to several helpful resources.67,91,92 
 UV-Visible-NIR absorbance spectroscopy is a commonly employed method to 
study NCs that may be used to gauge the impact of the surface electronic structure on the 
core exciton, though it does not provide the same explicit molecular-level detail as other 
techniques. Absorbance spectroscopy is commonly used to characterize NCs after ligand 
exchange procedures,39,93–95 upon surface charging,75,96,97 upon surface oxidation,98 and after 
the addition of chemical probes.21,35,99 The technique offers a  non-destructive measurement 
that monitors blue- or red-shifts of the excitonic feature, gains or losses in absorbance, or 
appearances of new features resulting from reactivity with added chemical reagents. Many of 
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these spectral changes arise from changes to the surface dipole, leading to an apparent 
change in semiconductor band gap without varying NC size.1 The widespread use of 
absorbance spectroscopy, along with its sensitivity to changes in surface chemistry, 
highlights its value as a complementary method to more insightful techniques. As a stand-
alone method, however, it does not offer molecular-level information on the surface, trap 
states, or ligands.   
 Unlike steady-state absorbance methods, time-resolved absorption spectroscopy 
coupled to pulsed laser photo-triggering methods (transient absorption, TA) can provide 
insight into the presence and types of surface trap states. Specifically, after NC excitation 
with a laser pulse, charge carrier dynamics can be analyzed by monitoring (i) the recovery of 
the electronic ground state, or (ii) the decay of excited state absorption features in the mid-
IR. By monitoring the carrier dynamics over time as conduction band electrons and valence 
band holes recombine or localize in defect states, insight into the presence of mid-gap states 
can be gleaned. Importantly, studies performed on ultrafast timescales (femtosecond to 
picosecond) are often needed to resolve carrier trapping and interfacial charge transfer 
processes. In the case of a NC with no defects or mid-gap trap states, the ground state bleach 
recovery can be fit with a single exponential function. However, when mid-gap states are 
present (i.e. multiple recombination centers) within either a single NC or across an ensemble 
of particles, the recovery is described by a multiexponential function. By deconvoluting the 
multiexponential expression, the data can reveal details of ensemble-averaged recombination 
pathways. Additionally, the usefulness of TA spectroscopy for assessing the types of traps 
(i.e. electron vs. hole traps) varies by material. For example, TA spectroscopy of CdSe is 
well established to be more sensitive to the conduction band electron dynamics than to 
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valence band hole movement due to the lower degeneracy of the conduction band 
states.100,101 Conversely, PbS NCs and other materials that have similar conduction band and 
valence band degeneracies result in spectra with approximately equal contributions from both 
carriers, making it difficult to assign the fast recombination pathways. In such cases, creative 
methods to systematically induce or eliminate possible trap states can be employed to study 
the impact on the TA spectra. While TA spectroscopy alone does not yield molecular-level 
information, it is a powerful tool for studying charge carrier dynamics on short timescales 
and may be correlated with ligand etching or passivation treatments to identify the dominant 
trap states present.  
 In contrast to absorbance spectroscopy, photoluminescence (PL) spectroscopy has 
traditionally been considered the primary tool to assess the presence of surface defects 
through three key measurements: steady-state PL, time-resolved PL, and PL quantum yields 
(PLQY). These measurements reveal the presence, or lack thereof, of mid-gap trap states 
(both radiative and non-radiative) at the NC surface. A loss of steady-state PL intensity, a 
shortening of the emission lifetime, or a low PLQY resulting from various surface treatments 
may indicate the formation of defect sites that yield electronic mid-gap trap states. 
Additionally, the observation of low-energy emission features in the steady-state spectra of 
some NC materials such as CdSe and CdS quantum dots has been correlated with the 
presence of emissive surface defects.102–104 Importantly, PL spectra do not provide direct 
molecular-level insight into the surface structure or electronic trap states, but are revealing 
when combined with other techniques as described below (Section 1.4).   
 Finally, electrochemical techniques have been popularized in recent years to analyze 
the electronic structure of NCs. A variety of methods including voltammetry (e.g., cyclic 
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voltammetry, CV, and differential pulse voltammetry, DPV), spectroelectrochemistry, and 
electroluminescence have been applied to quantify the energetics of band-edge and mid-gap 
electronic states, and their application has been described in several recent review articles.105–
107 A challenge of using these methods is that insulating aliphatic ligands hinder electronic 
contact between the electrodes and the redox-active NC.105 This has been circumvented in 
some studies by utilizing redox shuttles to perform measurements on colloidal solutions or 
performing electrochemical measurements with thin films of NCs.88,108–112 However, the 
difference in environment between colloidal and thin-film NC samples undoubtedly impacts 
the absolute redox potentials of both band-edge and surface electronic states. Thus, reported 
electrochemical values from thin films may not translate directly to colloidal systems.112 
Additionally, the use of common electrolytes such as perchlorate salts in electrochemical 
measurements has been shown to promote unexpected reactivity with NC materials, stressing 
the importance of designing such systems with great care.109 
1.4 Recent Advances in Gaining Molecular-Level Insight into the NC Surface 
 Revealing the heterogeneity of binding sites. NC surfaces undergo dynamic ligand 
exchange and displacement reactions and can be selectively perturbed using molecular 
reagents to induce quantifiable changes, which are measurable via spectroscopic, imaging, 
and computational techniques. X-type ligand exchange equilibria have been extensively 
studied for various materials in recent years,37–40,113 yet Z-type ligand reactivity has 
recontextualized the way the field thinks about ligand-based reactions. First characterized by 
Owen and coworkers, L-type-promoted Z-type displacement occurs when Lewis bases (L) 
added to solutions of NCs shift the equilibrium of surface-bound Z-type moieties toward 
liberated L–Z complexes.114 The discovery of L-type-promoted Z-type displacement has 
broad implications ranging from the use of various solvents (e.g., tetrahydrofuran or 
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alcohols) in purification protocols to post-synthetic treatments intended to enhance device 
performance, demonstrating that apparently innocent species in solution can interact with the 
NC surface through unexpected pathways. The loss of Z-type ligands from the NC surface 
has since been extensively correlated with a decrease in PLQY, consistent with vacancies 
that act as hole traps.77,115–117  
 To better understand the coordination environment of such vacant sites, research 
teams led by Beaulac and Hens utilized carefully controlled L-type-promoted Z-type ligand 
displacement to chemically probe CdSe NC surfaces.35,36 Both works relied on 1H NMR 
spectroscopy to quantify the absolute number of bound and free Z-type ligands in 
equilibrium with the NC surface upon titration of L-type amines, including N, N, Nʹ, Nʹ-
tetramethylethane-1,2-diamine (TMEDA), benzylamine, and n-butylamine. From nonlinear 
regression analysis of these 1H NMR spectroscopy data, a coupled, two-site displacement 
(binding) isotherm was proposed to describe the equilibrium reactions at the NC surface. 
Scheme 1.1 illustrates this concept, showing Z-type binding to two chemically distinct sites 
on the NC surface, B1 and B2. The displacement of an L–Z complex from sites B1 and B2 is 
governed by equilibrium constants K1 and K2, respectively. The numbers of vacant (binding) 
sites were therefore experimentally determined concomitantly with the Z-type displacement 










 While immense insight was gained from identifying and quantifying simultaneous L-
type-promoted Z-type equilibrium processes at the surfaces of CdSe NCs, each research team 
extended the impact of their conclusions by using different tools to correlate the two Z-type 
binding sites, B1 and B2, with facet-specific molecular structure. Zinc blende CdSe NCs have 
a morphology which falls between that of a truncated octahedron and cuboctahedron, with 
the lattice terminating in {100} and {111} facets. On the {100} facet, the Z-type cadmium 
ion is coordinated to two selenium ions, while on the {111} facet, the Z-type cadmium ion is 
coordinated to one selenium ion (Figure 1.4a). Beaulac and coworkers recorded the PL 
quenching of CdSe NCs upon addition of TMEDA, and then applied a Stern–Volmer 
analysis to elucidate the quenching efficiency of the B1 and B2 sites (Figure 1.5).35 They 
found that vacancies on {111} facets (at B1 sites) minimally impacted the overall PLQY, 
whereas the vacancies on {100} facets (at B2 sites) efficiently quenched the PL, suggesting 
that displacement of Z-type ligands from sites coordinating the cadmium ion through two 
selenium bonds is associated with hole trapping at the exposed Se2− ions. The assignment of 
Z-type populations on the {100} and {111} facets treats each crystallographic facet as a 





Figure 1.4. (a) On zinc blende NC surfaces, Z-type ligands are coordinated through two 
bonds on the {100} facet or one bond on the {111} facet (bonds are represented by dashed 
black lines). Ball- and-stick models represent the lattice structure of the Z-type ligand 
coordination site; Z-type ligands are not shown. Other crystal structures provide different Z-
type coordination environments, as shown for rock salt. (b) With increasing size, zinc blende 
CdSe NCs largely retain a consistent morphology and distribution of exposed facets. 
Conversely, rock salt PbS NCs expose {100} facets with increasing diameter as the 
morphology changes. 
 
Figure 1.5. (a) Titration of TMEDA into CdSe NCs quenches the PL intensity. (b) 
Quenching of the PL is represented as a function of the Stern−Volmer ratio. (c) 
Deconvolution of the quenching efficiencies for B1 and B2 vacancies indicates that 
displacement of CdX2 from sites on the {100} facets (B2 vacancies) contributes significantly 




 Investigating the heterogeneity of Z-type binding sites on a single nanocrystalline 
facet, Hens and coworkers combined NMR studies with density functional theory (DFT) 
calculations.36 Displacement energy calculations of Z-type ligands positioned at center, edge, 
and vertex sites on the {100} facet of CdSe NCs indicated that the location of the binding site 
for a Z-type ligand on a given crystal facet dictates the thermodynamic descriptors governing 
Z-type displacement (Figure 1.6). Consistent with conclusions from Beaulac and coworkers, 
this study argues that large numbers of Z-type binding sites are located at vertices and edges 
relative to facet centers, thereby exacerbating the heterogeneity of ligand displacement 
(binding) energies across the NC surface.  
 
Figure 1.6. (a) Representation of a CdSe NC ligated with Z-type CdCl2 ligands. (b) 
Displacement energies display significant heterogeneity depending on the binding location of 
each Z-type ligand, represented as vertex, center, and edge sites. Reprinted with permission 
from ref 36. Copyright 2018 American Chemical Society. 
 These works demonstrate that the assignment of multiple populations of Z-type 
binding sites to facet- or site-specific locations is complicated by heterogeneity of the NC 
surface, but the study of multiple NC sizes or morphologies can prove useful to elucidate the 
locations of Z-type binding sites. Beaulac and coworkers examined three sizes of CdSe 
NCs—3.0, 3.8, and 4.1 nm in diameter—to evaluate whether the relative proportions of the 
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two Z-type populations depend on size. NC diameter was not found to influence the 
displacement (binding) equilibria and the distribution of reactive Z-type sites. However, 
CdSe NCs are not predicted to deviate from their quasi-spherical shape (described above) as 
a function of diameter. By contrast, PbS NCs undergo size-dependent shape transitions below 
5 nm in diameter, changing from octahedral to truncated octahedral shapes with increasing 
diameter (Figure 1.4b).21,22,80,118 Work in our lab demonstrated that TMEDA-promoted 
Pb(oleate)2 displacement is also well-modeled by a two-site displacement isotherm, but that 
small vs. large PbS NCs show significant differences in the relative populations of Z-type 
binding sites, consistent with size-dependent topology.21 Mapping displacement isotherm 
parameters to topological models revealed that Z-type ligands at vertex sites are the most 
labile, and that edge sites with inequivalent coordination environments proceed according to 
distinct equilibria. The development of an experimental, quantitative analysis to deconvolute 
multiple simultaneous surface equilibrium reactions represents a necessary and key advance 
into gaining molecular-level information. 
 Interpreting facet-specific ligand coordination geometries. The preferred binding 
modes of multidentate ligands represent another poorly understood aspect of NC surface 
chemistry. Carboxylic acids and phosphonic acids are routinely employed in synthetic 
procedures, and both can coordinate one or more metal cations on the NC surface. An early 
computational report of carboxylate binding on CdSe NCs showed that chelating and 
bridging bidentate geometries are energetically favorable.119 This report additionally 
established the thermally activated mobility of carboxylate anchoring groups, which oscillate 
between right- and left-tilted-bridge configurations at room temperature. While atomically 
precise stoichiometries and ligand coordination geometries have been determined for InP 
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magic-size clusters using single-crystal X-ray diffraction,120 colloidal NCs are too large and 
heterogeneous to characterize with such methods.121 The coordination of carboxylate 
anchoring groups on NCs has proven challenging to characterize precisely by experimental 
methods—early contributions utilized the energy difference between the asymmetric and 
symmetric O–C–O stretching features (Δν) in FTIR spectra to deconvolute the binding 
modes of palmitate ligands on InP NCs47 and oleate ligands on PbS NCs.56 The Δν values of 
these two sets of peaks suggested that carboxylates bind these types of NCs through both 
bridging and chelating bidentate modes, consistent with computational predictions. However, 
researchers were unable to determine the preference of different facets for each type of 
binding mode using only the Δν values obtained from FTIR spectroscopy. 
 More recently, Peng and coworkers critically reexamined the assignment of these O–
C–O stretching frequencies through a resourceful combination of NMR and FTIR 
spectroscopies, alongside complementary DFT.23 A series of zinc blende CdSe NCs was 
synthesized to access shapes with unique distributions of surface facets: nanoplatelets, 
hexahedrons, and spheroids (quantum dots). The surface area of the nanoplatelets is 
dominated by {100} facets, whereas hexahedrons are terminated by three {100} facets, two 
{111} facets, and one {110} facet (Figure 1.7). Spheroidal NCs ~3 nm in diameter display 
{100} and {111} facets, yet heterogeneity of the surface due to the large number of edge and 
vertex sites, as discussed above, results in an ill-defined distribution of facets compared with 
nanoplatelets and hexahedrons. Because the surface facets are terminated by Cd ions, the 
chemical environment of surface Cd was investigated through 113Cd CPMAS NMR 
spectroscopy. Comparison of the 113Cd NMR resonances for each morphology demonstrated 
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a qualitative difference in the environment of the surface Cd ions, wherein peak broadening 
indicated the presence of multiple types of facets for hexahedral and spheroidal NCs.   
 
Figure 1.7. Left-most panel: Nanoplatelet, hexahedral, and spheroidal NCs and 
corresponding facets. (a) Experimental FTIR spectra of CdSe NCs. (b) Possible coordination 
geometries of carboxylate ligands on {100} and {111} facets of zinc blende CdSe NCs. (c) 
Calculated FTIR stretches for each carboxylate coordination geometry on each NC facet. 
Reproduced with permission from ref 23. Copyright 2019 American Chemical Society. 
 After establishing that surface Cd environments are shape- and facet-dependent, the 
authors applied a similar analysis to investigate carboxylate binding modes on the distinct 
surface facets using a combination of experimental and calculated FTIR spectra collected for 
each material. The symmetric O–C–O stretching features near 1530 and 1440 cm-1 in the 
FTIR spectrum of nanoplatelets (Figure 1.7a) agreed well with the chelating binding mode 
computed for carboxylate ligands on {100} facets (Figure 1.7b,c). These IR features are 
present for all three materials, supporting the dominance of the chelating geometry on CdSe 
NCs and confirming the prediction that the surface area of each morphology displays a large 
proportion of {100} facets. From the molecular-level perspective, the coordination 
environment of the chelating configuration on the {100} facet provides two ligand-based 
bonds to a Cd ion, which is also coordinated to two underlying Se ions (Figure 1.7b). 
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Assignment of the FTIR features to the chelating binding mode is also consistent with 
computed binding energies that support the stability of this tetrahedral configuration.  
 For hexahedrons and spheroids, the FTIR spectra indicate that additional binding 
configurations exist on the NC surface, yet the computed IR spectra are not sufficient to 
assign the experimental peaks to specific modes. Utilizing techniques including solution-
phase 13C NMR and solid-state 13C CPMAS NMR spectroscopies, resonances at 184 ppm 
and 35 ppm ascribed to the dominant chelating binding mode were identified on CdSe {100} 
facets (Figure 1.8a,b). Comparing with computed 13C NMR chemical shifts (Figure 1.8c,d), 
minor features in the spectra of hexahedrons and spheroids were assigned to the bridging 
configuration on {111} facets. The features in the FTIR spectra for these materials near 1560 
and 1415 cm-1 are also consistent with this assignment. The bridging configuration satisfies 
the tetrahedral coordination of the {111} surface Cd ions, which coordinate a single oxygen 






Figure 1.8. (a) Experimental 13C NMR spectra for nanoplatelet, hexahedral, and spheroidal 
CdSe NCs, showing the carboxylate region with a dominant peak attributed to the chelating 
geometry (calculated, panel c). (b) The α-CH2 region of the 13C NMR spectra shows peaks 
attributed to the chelating coordination mode and a minor feature attributed to the bridging 
bidentate geometry (calculated, panel d). Reprinted with permission from ref 23. Copyright 
2019 American Chemical Society. 
 Finally, the feature at 1380 cm-1 in the FTIR spectrum of hexahedrons (Figure 1.7a) 
was reasoned to originate from coordination of Z-type cadmium carboxylates to neutral 
{110} facets, which comprise about 25% of the total surface area of these NCs. However, the 
calculated binding energy of Z-type ligands on the {110} facets was found to be an order of 
magnitude less than that for X-type carboxylate binding on {111} and {100} facets. Indeed, 
the Z-type contribution to the total bound carboxylate density was much lower than the 
predicted ~25%. Through a clever combination of experimental and computational 
techniques as well as the use of distinct nanocrystalline morphologies, this study provided 
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robust and quantitative support for facet-specific binding configurations of carboxylate 
ligands on semiconductor NCs. 
Elucidating metal-based surface defects. Important insight into facet-specific ligand 
displacement (binding) equilibria and coordination geometries has significantly advanced our 
understanding of the ligand–lattice interface. However, implementation of NCs into high 
performance devices also requires knowledge of the relationship between the NC surface and 
the electronic structure of the material. The electronic structure of the surface is difficult to 
probe experimentally, and as such computations can aid in linking chemical and redox 
reactivity at the surface with observed experimental phenomena. For example, in 2013 Owen 
and coworkers observed significant losses in PLQY upon removal of Z-type ligands from 
CdSe and CdS NCs.114 In a follow-up work in collaboration with Sfeir, it was proposed that 
these losses in PLQY could be attributed to Z-type ligand loss from {100} facets, forming 
two-coordinate selenium ions that participate in hole trapping processes.115 Complementary 
computational work has also demonstrated the impact of ligand binding motif on the 
formation of mid-gap trap states through systematic ligand removal from CdSe NCs 
models.86 Removal of X- and L-type ligands from CdSe NC models did not result in trap 
state formation, whereas Z-type ligand displacement did yield mid-gap trap states. DFT 
modeling of the exposed Se ions after Z-type ligand removal revealed that the newly formed 
mid-gap states localize on two-coordinate Se ions, consistent with experimental findings 
(Figure 1.9a). Considering the molecular orbital diagram of the Z-type binding site, the 
authors proposed that the mid- gap state is localized on a nonbonding Se 4p orbital (Figure 
1.9b). The understanding of the relationship between ligand passivation and the electronic 
structure of NCs is in its infancy, emphasizing the need for molecular orbital explanations of 
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charge carrier trapping processes for a variety of semiconductor materials as well as 
experimental validation. 
 
Figure 1.9. (a) Molecular orbital localized on the 4p non-bonding orbital of a two-coordinate 
Se ion resulting from displacement of a Z-type ligand. (b) MO diagram for the C2v 
arrangement of atoms shown in the upper right diagram. Reprinted with permission from ref 
86. Copyright 2017 American Chemical Society. 
While many computational studies have concluded that chalcogenide defects on NC 
surfaces are a major source of performance-limiting trap states, fewer studies have explored 
metal-based defects. Metal-based trap states have been hypothesized to form when a NC is 
charged with excess electrons, yet they are difficult to probe experimentally and their 
contribution to the electronic structure is not well-understood. Current experimental evidence 
for localization of excess charge at the surface suggests that reduction of surface metal ions is 
intimately linked to ligand binding and displacement. For example, addition of the molecular 
reductant sodium naphthalenide to CdSe NCs led to the liberation of X-type oleate ligands 
from the surface as evinced by 1H NMR and FTIR spectroscopies.75 Because experimental 
avenues to probe metal-based traps are limited, Houtepen and coworkers relied upon DFT 
studies to investigate how the oxidation state of surface metal ions as well as ligand 
passivation impact overall electronic structure.32 Using a series of neutral, completely ligated 
(fully passivated) M68E55Cl26 (M = Cd, Zn; E= S, Se, Te) zinc blende NCs, up to four 
electrons were sequentially injected into each NC. Addition of one or two electrons did not 
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markedly impact the electronic structure of the NCs. However, three and four excess 
electrons created mid-gap states localized on the three-coordinate Cd ions on {111} facets. 
Concomitantly with trap state formation, structural rearrangement of the {111} facet resulted 
in ejection of Cd ions from the lattice plane. Interestingly, the formation of metal-based trap 
states was found to vary not only with number of electrons injected, but also with 
semiconductor material. 
 In addition to the study of fully passivated NCs, Houtepen and coworkers considered 
surface charging in NCs that had an X-type chloride ligand removed (imperfectly 
passivated). Unlike in the case of fully passivated NCs, the authors proposed that addition of 
one or two excess electrons to an imperfectly passivated CdTe NC induced Cd−Cd 
dimerization (Figure 1.10a). Further analysis predicted that the overlap and bonding of Cd 
5s orbitals resulting from dimerization led to the formation of a mid-gap electronic state 
(Figure 1.10b,c). Moreover, the authors showed that addition of excess charge to CdTe NCs 
that substituted a neutral L-type amine ligand for a Cl0 atom did not result in Cd−Cd 
dimerization. This finding highlighted how reduction of the NC surface may lead to charge 
imbalance and subsequent metal-based defects (e.g., metal ion dimerization), and presented a 
possible experimental means to limit defect formation related to surface charging by 
employing neutral L-type capping ligands.32 In summary, these theory-based findings 
directly complement experimental observations of X-type ligand loss from CdSe NCs,75 both 
of which suggest that metal-based trap states exist on NC surfaces and are likely induced 




Figure 1.10. (a) Imperfectly passivated CdTe NC models upon: (i, ii) moving one X-type 
chloride ligand (shown as a dark green sphere) to a different facet and injecting (i) 0 or (ii) 1 
electrons and (iii, iv) removing an X-type chloride ligand (shown as a dashed circle) from the 
system and injecting (iii) 1 or (iv) 2 electrons. (b) The density of states, where solid lines 
represent molecular orbitals and the MOs below the dashed line are occupied. Mid-gap 
electronic states appear when 1 or 2 electrons are injected. (c) MO diagrams show that 
increasing the number of excess electrons results in Cd−Cd dimers with decreasing bond 
lengths due to stabilization of the 5s bonding MO. Reprinted with permission from ref 32. 
Copyright 2019 American Chemical Society. 
1.5 Outlook 
 Limitations. While the case studies considered in Section 1.4 showcase the level of 
detail with which researchers can understand NC surfaces through thoughtful and creative 
applications of complementary tools, it is important to recognize that only recently has this 
type of molecular-level understanding become accessible. Looking towards the potential 
discoveries in this area of study, it is key to recognize several limitations that require 
33 
 
intentional solutions to further understanding of NC surfaces. A first limitation is the 
normalization of vague descriptors of NC surfaces. It is not uncommon in the literature to 
attribute irreproducibility or unexpected behavior to surface moieties or defect sites without 
specific descriptors of their molecular-level identity. This may be common in part due to the 
complex and dynamic nature of the NC surface, especially given that NC batches contain 
particle-to-particle heterogeneities in size, shape, surface properties, and ligand coverage. It 
can therefore be difficult to know precisely which defects exist on each individual NC; 
however, a more detailed understanding of the types of defects that exist on certain materials, 
even if obtained through an ensemble measurement, can aid in directing strategies for defect 
passivation and surface engineering. As the normalization of vague language to describe NC 
surfaces limits the field by establishing literature precedent for invoking the surface without 
directly probing it, an intentional effort by researchers and peer reviewers to demand more 
specific language and exploratory studies of NC surface chemistry will help mitigate this first 
concern. 
 Second, there remains a major challenge in comparing results between NC studies in 
solution with those in thin films or the solid state. This is in large part due to the differences 
in local environment of NC surfaces between the two phases, as well as a lack of 
characterization of NC surface chemistry once the NCs are assembled in a thin film. It is 
critical that the field moves toward improved understanding not only of NC surface 
chemistry in general, but also of differences that arise between colloidal NCs vs. solid-state 
samples. Overcoming this limitation will require systematic and fundamental studies of NC 
surface chemistry before and after thin film assembly and may be further enlightened by 
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computational simulations. Closing this gap will be critical from both a fundamental surface 
science as well as a device applications perspective.   
 A final limitation towards improved molecular-level understanding of NC surfaces is 
poor accessibility to many of the most useful tools highlighted above (Section 1.3). XANES, 
XAFS, and heteroatom or solid-state NMR are just a few examples of highly revealing tools 
that are only available in a handful of national labs or research institutes across the world. 
Without access to such instruments, strategic use of the other tools highlighted above may 
still prove fruitful for answering many surface-related questions. However, this limitation 
may be overcome through collaborative works, and we encourage those as possible.   
Opportunities for Advancing the Field. With these limitations in mind, it is important 
to recognize that the field has made major strides towards understanding NC surfaces. The 
broader NC community can continue these advances through the undertaking of 
complementary tool-based studies. An expanded library of such works in the literature will 
greatly improve overall understanding of surfaces across various materials and morphologies. 
The growth of the analytical toolbox will also advance ways to probe NC surface chemistry. 
In tandem, the sensitivity and resolution of existing techniques can be further improved, and 
new combinations of tools can be constructed to answer important questions about the 
molecular-level chemical and electronic structure of NC surfaces.  
Additionally, there are limitless opportunities for synergies between theory and 
experiment. Experimentalists may take inspiration from proposed computational findings; 
similarly, theorists should apply computational tools to elucidate puzzling experimental 
results. For example, the majority of studies linking the formation of structural defects with 
electronic trap states, especially as a result of surface charging, have been computational (see 
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Section 1.4). There remains a need for a body of experimental evidence to confirm these 
proposed connections (e.g., metal dimers, oxidized chalcogenide dimers, etc.). Such 
knowledge will benefit the scientific community by helping to explain poorly understood 
phenomena arising at NC surfaces, and establishing a foundation for rational design and 
passivation to achieve the full potential of NCs in chemical systems and optoelectronic 
devices.  
 As researchers set out to deepen their understanding of NC surfaces in their own 
systems, we urge them to perform detailed optical and surface characterization of NC 
samples, regardless of the specific focus of a given study. Thorough characterization may 
illuminate reasons for discrepancies between investigations performed in different 
laboratories and help rationalize unexpected behavior. Materials such as metal halide 
perovskite NCs that have advanced rapidly due to their favorable properties, but lag behind 
II–VI and III–V NCs in molecular-level surface studies, would benefit in particular from 
intensive characterization. Additionally, to the extent possible we encourage the use of 
complementary tools that probe each aspect of the surface—the capping ligands, ligand-
lattice interface, and surface-based electronic states.  
 As these critical advances are made, outstanding gaps in knowledge in the field can 
be addressed. These include but are not limited to: (i) Almost all molecular-level insights to 
date have focused on quasi-spherical zinc blende CdSe NCs; how will our understanding of 
the surface change upon exploring other NC materials and morphologies? (ii) Facet-
dependent behavior has been reported in various NC-based systems for catalysis;122,123 how 
do the exposed facets of a particular NC morphology impact surface trap state populations, 
redox reactivity, etc.? To what extent can surfaces be engineered to promote desired 
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reactivity? (iii) Once the nature of defect sites is better characterized, what are direct and 
targeted post-synthetic chemical modifications that can induce or passivate such sites on NC 
surfaces? While not an exhaustive list of all avenues worth exploring, these questions serve 
as a launchpad for further discoveries into surface states across NC-based systems. 
1.6 Dissertation Overview 
 Each of the Chapters in this dissertation demonstrates how I have achieved 
molecular-level insight into the surfaces of oleate-capped PbS NCs by quantifying the ligand-
based reaction mechanisms during spectroscopic titrations with a series of chemical probes. 
Equilibrium constants, ligand coverages, and relative energetics of surface-localized states 
were investigated using 1H NMR spectroscopy. The work in Chapter 2 establishes the 
reaction of NCs with an alkyl carboxylic acid as a model system that undergoes a dynamic 
X-type exchange equilibrium. In Chapter 3, I investigate the morphology of two distinct sizes 
of PbS NCs through chemical displacement of Z-type ligands using an L-type chelating 
diamine. Derivation of multi-site displacement isotherms for each size demonstrates that 
chemically probing the native NC surface is a viable method to elucidate topology. In 
Chapter 4, convoluted reaction mechanisms of NCs with an alkyl thiol are extracted by 
separately characterizing the modified NC surface and the free ligands displaced upon 
reaction with thiols. Chapter 5 probes the impact of ligand anchoring groups and backbones 
on NC optical properties as well as the thermodynamic potentials of surface-localized Pb-









CHAPTER 2. EXCHANGE EQUILIBRIA OF CARBOXYLATE-TERMINATED 
LIGANDS AT LEAD SULFIDE NANOCRYSTAL SURFACES 
Reproduced from Kessler, M. L., Starr, H. E., Knauf, R. R., Rountree, K. J., and Dempsey, J. 
L. Exchange equilibria of carboxylate-terminated ligands at PbS nanocrystal surfaces. Phys. 
Chem. Chem. Phys., 2018, 20, 23649–23655 with permission from the PCCP Owner 
Societies. © 2018 The Royal Society of Chemistry 
 
2.1. Introduction 
Widespread interest in colloidal quantum dots (QDs) arises from optical and 
electronic tunability imparted by quantum confinement, a property that is advantageous for a 
diverse array of applications from photovoltaic devices124–126 to biological probes.127 QDs 
consist of inorganic nanocrystalline cores that are stabilized by organic capping ligands, 
which dictate the nucleation and growth of the nanocrystals and provide solubility in organic 
solvents.128 The native ligands, typically long hydrocarbon chains with an anchoring group 
such as a carboxylate, phosphonate, or thiolate, can be exchanged with another coordinating 
ligand to alter solubility,129,130 bridge QDs to increase inter-QD energy transfer,131 or 
decrease nanoparticle spacing for enhanced electronic communication.94,132 While such 
exchange reactions are regularly performed, the effects of semiconductor material, anchoring 
group, and ligand tail properties on the driving force for the reaction are not well-understood, 
hindering efforts to selectively incorporate a fraction of functionalized ligands into the ligand 
shell as opposed to a complete ligand exchange. At the same time, a deeper understanding of 
the governing mechanism(s) of ligand exchange is crucial to improve control over 
nanocrystal surface chemistry. 
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Carboxylic acids are routinely employed in QD synthesis due to long-term solution-
phase stability, and are also attractive as they undergo facile exchange with other ligands 
terminated with various anchoring groups. Many studies examining ligand exchange 
reactions have centered on exchange between native bound carboxylates and other X-type 
ligands,133–135 but recently the existence of Z-type metal carboxylate ligands on QD surfaces 
has been identified and their lability demonstrated.35,36,114 The identity of a Z-type ligand as a 
neutral MX2 moiety, equivalently a metal cation bound to two X-type constituents, requires 
us to distinguish between the reactivity of native X- and Z-type ligands. Nuclear magnetic 
resonance (NMR) spectroscopy is a powerful tool for monitoring the surface reactions of 
nanocrystals, yet it alone cannot differentiate between the aforementioned types of displaced 
ligands. Thus, additional spectroscopic techniques must be employed to probe the reactivity 
of the inorganic–organic interface.  
Unique spectroscopic handles for native and exchange ligands are necessary to 
quantify exchange reactions at the QD surface, but many of the long-chain aliphatic ligands 
typically used to passivate colloidal QDs have overlapping resonances for their alkyl protons 
in 1H NMR spectra, limiting their utility for probing reactivity. However, quantification of 
ligand–QD and ligand chain–chain interactions has been achieved for a small number of 
exchange reactions employing effective native and exchange ligands, and these studies have 
established a measure for understanding ligand exchange on QD surfaces. For example, 
Kroupa et al. quantified the reaction of trans-2,6-difluorocinnamic acid ligands with oleate-
capped PbS QDs via 19F NMR spectroscopy and found that the X-type exchange equilibrium 
was dependent on the ligand–ligand steric and electronic interactions.113 In our own lab, we 
recently quantified the reaction of a carboxylate-terminated aliphatic ligand, undec-10-enoic 
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acid (UDA) (Scheme 2.1), with oleate- ligated CdSe QDs by monitoring the alkenyl 
resonances of each species via 1H NMR spectroscopy.39 The equilibrium constant of the 
identical exchange reaction on CdSe QDs was subsequently corroborated by Hens and 
coworkers, who further demonstrated that the X-type exchange between linear and branched 
carboxylic acids is dependent upon ligand sterics.81 While these studies form a small library 
of equilibrium constants, a relative lack of quantifiable data for benchmarking the ligand 
exchange reactivity at QD surfaces limits our predictive power in designing functional 
nanomaterials. 














To this extent, we have utilized 1H NMR spectroscopy to quantify the exchange 
reaction between carboxylate-terminated aliphatic ligands on PbS QDs prepared by two well-
established synthetic procedures. In this work, we employ UDA as an exchange ligand to 
gain new, quantitative information about ligand exchange reactions on PbS QDs and insight 
into the QD surface. In tandem with 1H NMR spectroscopy, we have utilized X-ray 
photoelectron, absorbance, and photoluminescence spectroscopies to probe whether Z-type 
ligands at the QD surface are perturbed in the carboxylate exchange reaction. By comparing 
with our previous work on CdSe QDs, we have begun to elucidate how ligand structure and 
crystal facets influence the driving force for ligand exchange reactions. 
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2.2.  Experimental 
2.2.1. General Considerations 
Standard Schlenk line techniques were utilized to maintain an inert atmosphere 
during the synthesis of QDs, unless otherwise noted. Benzene-d6 was purchased from 
Cambridge Isotope Laboratories and used without further purification. All other reagents 
were commercially available and used without further purification. 
2.2.2. NMR Spectroscopy 
1H NMR spectra were collected using a 600 MHz Bruker NMR spectrometer. All 
spectra were recorded at 25 ℃ with 8 scans and a relaxation delay time (d1) of 10 to 15 
seconds to allow complete spin relaxation. The multipeak fitting function in MestreNova was 
used to integrate vinyl and alkenyl peaks in the 1H NMR spectra. 
2.2.3. X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 
DLD X-ray photoelectron spectrometer with a monochromatic Al Kα X-ray source. Survey 
and high-resolution scans were obtained with pass energies of 80 and 20 eV, respectively. All 
spectra were corrected to the C 1s peak at 284.6 eV. 
2.2.4. Transmission Electron Microscopy 
Transmission electron microscopic images were recorded on a JEOL 2010F-FasTEM 
microscope operating at 200 kV. Samples were prepared by dropping dilute solutions of 
nanocrystals onto a 400 mesh lacey carbon grid (Ted Pella, Inc.) and were dried overnight 
under vacuum at room temperature. 
2.2.5. Absorbance Measurements 
Absorbance measurements were recorded using Cary 50 and Cary 60 UV-Visible-
NIR absorbance spectrophotometers. 
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2.2.6. Photoluminescence Measurements 
Photoluminescence spectra were acquired with a PTI Quanta-Master 4SE-NIR 
emission spectrometer equipped with a housed 75 W xenon light source and Hamamatsu 
R928P PMT biased at 1100 V (1 nm step size, 10 nm bandwidth). Samples were excited at 
840 nm and detected from 850 nm to 1050 nm. 
2.2.7. Synthesis of PbS QDs via the Method of Owen (O-PbS) 
PbS QDs were synthesized by modifying the method previously established by 
Hendricks et al.6 Preparation and isolation of Pb(oleate)2 was conducted under ambient 
conditions. Lead(II) oxide (5.05 g, 22.6 mmol) was suspended in acetonitrile (10 mL) and 
stirred in an ice bath for 10 min. Trifluoroacetic acid (0.35 mL, 4.48 mmol) and 
trifluoroacetic anhydride (3.1 mL, 22.4 mmol) were added and the resulting mixture was 
stirred for 30 min then warmed to room temperature. The reaction mixture was added to a 
solution of oleic acid (12.7 g, 45.0 mmol) and triethylamine (5.12 g, 50.6 mmol) in 
isopropanol (90 mL) in a round bottom flask. The mixture was stirred until a white 
precipitate formed and then was refluxed until the precipitate dissolved, about 30 min. The 
mixture was cooled to room temperature then stored at −20 ℃ overnight. The solid was 
isolated via suction filtration and washed with methanol. The resulting Pb(oleate)2 (13 g) was 
dried under vacuum and the product was stored in a desiccator.  
To synthesize the QDs, Pb(oleate)2 (2.94 g, 3.81 mmol) and 1-octene (50 mL) were 
combined in a 100 mL three-neck round bottom flask. The mixture was degassed, taking care 
to avoid solvent loss, and placed under a nitrogen atmosphere. Separately, N,Nʹ-
diphenylthiourea (0.581 g, 2.54 mmol) and diglyme (1.67 mL) were combined in a two-neck 
pear-shaped flask in air, degassed, and placed under a nitrogen atmosphere. The Pb(oleate)2 
mixture was heated to 95 ℃ and the thiourea solution rapidly injected via syringe. The 
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reaction mixture rapidly turned dark brown, and the flask was removed from the heating 
mantle after 1 min. The reaction mixture was cooled to room temperature and the solution 
was concentrated under vacuum. The solution was divided among six tubes and centrifuged 
at 8500 rpm for 10 min with acetone as the antisolvent. The pale brown supernatant was 
decanted and the precipitated QDs were resuspended in minimal (<2 mL) pentane. Acetone 
(10mL) was added and the QDs were centrifuged and resuspended for five additional cycles. 
PbS QDs were isolated by solvent evaporation, suspended in benzene-d6, and stored under air 
in the dark. The first excitonic absorbance of the O-PbS QDs was centered at 940 nm, 
corresponding to a diameter of 3.05 nm as determined by the sizing curve from Moreels et 
al.136 
2.2.8. Synthesis of PbS QDs via the Method of Hines and Scholes (HS-PbS) 
PbS QDs were synthesized following a modified version of the procedure established 
by Hines and Scholes.4 Lead(II) oxide (0.450 g, 2 mmol), oleic acid (1.13 g, 4 mmol), and 1-
octadecene (14 g) were combined in a 50 mL three-neck round bottom flask and stirred under 
vacuum at 100 ℃ for 1 h, then placed under a nitrogen atmosphere. Simultaneously, 
bis(trimethylsilyl) sulfide (TMS)2S (0.211 mL, 1 mmol) and 1-octadecene (4 g) were 
combined in a 25 mL two-neck pear-shaped flask and degassed. The (TMS)2S mixture was 
injected rapidly into the Pb(oleate)2 solution at 85 ℃ and the reaction was allowed to proceed 
for 1.5 min, during which time the solution turned dark brown. The reaction vessel was 
removed from the heating mantle and was quenched by injection into 20 mL of acetone. The 
QD mixture was divided among centrifuge tubes and centrifuged at 8500 rpm for 10 min. 
After decanting the supernatant, the QDs were resuspended in minimal pentane and 
precipitated by centrifugation with 8 mL of acetone four more times. The PbS QDs were 
isolated by solvent evaporation, suspended in benzene-d6, and stored under air in the dark. 
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The first excitonic absorbance of the HS-PbS QDs was centered at 869 nm, corresponding to 
a diameter of 2.78 nm as determined by the sizing curve from Moreels et al.136  
2.2.9. Sample Preparation for 1H NMR Titrations 
The 1H NMR samples were prepared by modifying the procedure used by Knauf et 
al.39 An aliquot of PbS QD stock solution was removed and diluted with benzene; the 
concentration of the diluted aliquot was determined from the absorbance at 400 nm, using 
published size-dependent extinction coefficients (ε400,O-PbS = 6.61·105 M-1 cm-1, ε400,HS-PbS = 
5.01·105 M-1 cm-1).137 50 µM samples of QDs were prepared from the stock solution in 0.6 
mL benzene-d6. 10 µL of a ferrocene standard solution (prepared with ca. 10 mg ferrocene 
and 1.0 mL benzene-d6) was added to each NMR sample as an internal standard. Stock 
solutions of UDA in benzene-d6 (a 10 µL volume corresponded to either 20 or 50 equivalents 
of UDA per QD) were titrated into the PbS QD samples. 
2.2.10. Sample Preparation for XPS Analysis 
XPS was utilized to quantify the nanocrystal stoichiometry. Samples of as-
synthesized PbS QDs were prepared by drop-casting dilute solutions of QDs suspended in 
benzene or pentane onto Au-coated silicon wafers. Preparation of samples after exchange 
with UDA was as follows: 1000 equivalents of UDA (per QD) was added to a 50 µM 
solution of PbS QDs in toluene and stirred for 30 min. The solution was centrifuged using 
acetone antisolvent, and the supernatant was decanted. An additional centrifugation step with 
acetone was completed after resuspension in minimal pentane and the supernatant discarded. 
1H NMR spectroscopy was used to confirm that no free OA or free UDA was present in the 
QD sample before a diluted UDA-exchanged PbS QD solution was drop-cast onto Au-coated 
silicon wafers for XPS analysis. 
44 
 
2.2.11. Sample Preparation for Absorbance and Photoluminescence Titrations 
An aliquot of PbS QD stock solution was diluted to ca. 5 µM in benzene in a 1 cm 
path length quartz cuvette and the concentration exactly determined from the absorbance at 
400 nm.137 UDA was added in 20–60 equivalent intervals (a 10 µL volume corresponded to 
either 20 or 50 equivalents of UDA per QD), and the absorbance spectrum was recorded after 
each addition. The intensity of each absorbance and photoluminescence spectrum was 
corrected with a dilution factor. 
2.3. Results and Discussion 
2.3.1. Preparation and Characterization of Oleate-Capped PbS QDs 
Oleate-capped PbS QDs were synthesized via two common methods in order to 
assess the generality of our results. Synthetic procedures were adapted from Owen and 
coworkers (O-PbS)6 and Hines and Scholes (HS-PbS)4 to yield PbS QDs with diameters of 
3.05 and 2.78 nm, respectively (Figure 2.1 and Figure 2.2). Alcohols were not employed 
during purification as they are known to displace X-type134 and Z-type114 ligands. For both 
samples, the oleate (OA−) ligand density was quantified via 1H NMR spectroscopy. A 
diagnostic broad resonance at δ 5.71 corresponds to the alkenyl protons of the bound oleate 
ligand (Scheme 2.1, Ha1, Ha2). The broad oleate peak is asymmetric in both sets of QDs, with 
a shoulder arising from a second peak centered at ca. δ 5.63 (Figure 2.3 and Figure 2.4). We 
attribute this peak to a small amount of residual oleic acid. The broadness of this peak as well 
as the observed downfield shift compared to the isolated oleic acid (OA) resonance (δ 5.49) 
suggests that this subpopulation is not freely diffusing throughout the solution and may be 





Figure 2.1. a) Representative TEM images of O-PbS QDs. b) UV-Visible-NIR absorbance 




Figure 2.2. a) Representative TEM images of HS-PbS QDs. b) UV-Visible-NIR absorbance 








Figure 2.3. 600 MHz 1H NMR spectrum of 50 μM HS-PbS in benzene-d6, centered on the 










Figure 2.4. 600 MHz 1H NMR spectrum of 50 μM O-PbS in benzene-d6, centered on the 
alkenyl resonances (Ha1,Ha2) of the native oleate ligands. 
PbS QD concentration was determined via UV-Visible-NIR absorbance spectroscopy 
using the size-dependent extinction coefficient at 400 nm.137 Using the density of bound 
ligands from 1H NMR spectra and QD concentration, the native oleate ligand density was 
determined to be 2.87 ± 0.23 oleates per nm2 for 50 µM solutions of O-PbS QDs and 2.92 ± 
0.32 oleates per nm2 for 50 µM solutions of HS-PbS QDs (Table 2.1). For comparison, 
Weiss and coworkers have reported ligand densities of 6.7 oleates per nm2 for 3.2 nm PbS 
QDs prepared via the method of Hines and Scholes139 and Owen and coworkers have 
reported ligand densities of 5.7 oleates per nm2 and 2.9 oleates per nm2 for 3.4 nm and 6.5 
nm O-PbS QDs, respectively6 (Table 2.2). The large range of ligand coverages reported in 
the literature likely reflects variation in purification procedures. To evaluate whether ligand 
coverage changes were due to absolute QD concentration, the effect of dilution upon oleate 
density was studied.140 Upon dilution of 100 µM QD solutions, the ligand density remained 
the same within error for both sets of QDs (Table 2.3). From these data, we expect the ligand 
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shell density to remain constant and only change in composition during our ligand exchange 
titrations. 
Table 2.1. Oleate ligand coverage for independently prepared 50 μM samples of O-PbS and 
HS-PbS QDs. 
 



























Average ± SD 2.92 ± 0.32 
 











Weiss 3.2 6.8 Hines-
Scholes4 
141 
Owen 3.4 5.7 Owen6 139 
Owen 6.5 2.9 Owen6 139 
Beard 3.5 3.2 Owen6 113 
Beard 3.2 3.1 Owen6 142 
Hens 5.2 2.6 Cademartiri143 137 
Hens 5.5 3.0 Cademartiri143 137 





Table 2.3. Ligand coverage of PbS QD samples at different QD concentrations. 
Sample 100 μM 75 μM 50 μM 33 μM 
O-PbS 2.31 ± 0.01 2.28 ± 0.16 2.29 ± 0.03 2.30 ± 0.11 
HS-PbS 2.71 ± 0.13 2.65 ± 0.34 2.65 ± 0.22 - 
 
2.3.2. Probing the Mechanism of Ligand Exchange 
Ligand exchange reactions between the native oleate ligands and undec-10-enoic acid (UDA) 
were quantified for O-PbS and HS-PbS QDs. The 1H NMR signals for both freely diffusing 
and QD-bound forms of oleic acid and UDA can be distinguished by their unique chemical 
shifts, relative broadness, and splitting patterns, allowing for quantification of the surface 
ligand exchange reaction using the integration of these distinct resonances.39 To account for 
the residual unbound oleic acid in the isolated QDs, the moles of free oleic acid present in the 
absence of UDA were subtracted from the total moles of free OA in each subsequent 
spectrum. The concentrations of OA and UDA were quantified by integration of the 
respective peaks versus the integration of the ferrocene resonance in the 1HNMR spectra 
(Figure 2.5). While peaks corresponding to Hc and Hd have distinct chemical shifts in the 
spectrum of isolated UDA, these features are integrated together as they cannot be 




Chemical Shift (ppm)  
Figure 2.5. Fitting of bound and free OA and UDA peaks in a 600 MHz 1H NMR spectrum 
after addition of 150 equiv. UDA in benzene-d6. The blue trace is the sample spectrum, the 
magenta trace is the sum of the fits, and the red trace is the fit residual. 
Titration of UDA in aliquots of 20–100 equivalents provides insight into the ligand 
shell composition at each point in the titration with the growth of signals for free OA (Ha1, 
Ha2, δ 5.51) and the concomitant loss of the bound OA− (Ha1, Ha2, δ 5.71) feature. Peaks for 
both freely diffusing UDA (Hb, δ 5.81; Hc, Hd, δ 5.04) and bound UDA (Hb, δ 6.01; Hc, Hd, δ 




Figure 2.6. 1H NMR spectra of 50 μM O-PbS QDs (3.05 nm) titrated with undec-10-enoic 
acid (UDA) in benzene-d6. 
 
Figure 2.7. 600 MHz 1H NMR spectra of 50 μM HS-PbS QDs (2.78 nm) upon titration of 
500 equivalents undec-10-enoic acid (UDA) in benzene-d6. 
The alkene resonance of isolated OA in benzene-d6 is an overlapping doublet of 
triplets centered at δ 5.49 (Ha1,Ha2). The vinylic resonances of isolated UDA in benzene-d6 
are multiplets centered at δ 5.03 (Hb) and ca. δ 5.79 (Hc, Hd). However, upon titration of 
UDA into PbS QDs, the 1H NMR signals for free OA and free UDA retain broadness through 
200 equivalents of UDA (Figure 2.6), suggesting a dynamic exchange equilibrium between 
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the free and bound populations through an entangled, physisorbed intermediate.138 Peak 
broadness can in part be attributed to the rapid transversal relaxation of molecules with 
restricted rotational degrees of freedom, yet broadness also signifies exchange processes 
between ligands. A dynamic exchange is further consistent with the gradual upfield shift of 
the free peaks over the course of the titration, caused by the increase in concentration of free 
ligand that does not interact with the QD ligand shell. Upon addition of ≥500 equivalents of 
UDA, the splitting and resolution of the free OA resonance approach that of the isolated OA 
resonance, which suggests that the mole fraction of OA freely diffusing in solution is greater 
than the fraction of free ligand entangled within the ligand shell (Figure 2.8).138 
 
Figure 2.8. 600 MHz 1H NMR spectra of pure OA (green), pure UDA (purple), and 1:500 
QD:UDA for HS-PbS QDs (red).  The chemical shift, splitting, and resolution of peaks for 
the freely diffusing OA and UDA in the 1:500 QD:UDA spectrum become increasingly 
similar to that of pure OA and pure UDA, respectively, at higher UDA equivalents because 
the mole fraction of each species freely diffusing in solution represents a greater proportion 
than the mole fraction entangled within the ligand shell. 
The exchange ratio between bound UDA and free OA, as quantified by 1H NMR 
integration, remains approximately 1:1 across all concentrations of UDA. The total ligand 
coverage remains constant throughout the titration, which is further in agreement with a 1:1 
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exchange (Table 2.4 and Table 2.5). The near unity exchange ratio between free OA and 
bound UDA (1:1.21 ± 0.17 for O-PbS and 1:1.08 ± 0.15 for HS-PbS) and constant total 
ligand coverage is consistent with an X-type exchange mechanism wherein each UDA ligand 
displaces one native oleate and does not support a primary reaction pathway in which UDA 
initially binds to an uncoordinated surface lead atom (see below for further discussion).113,138 
This stoichiometric exchange mechanism matches that observed for the identical ligand 
exchange process involving CdSe QDs39 and between trans-2,6-difluorocinnamic acid and 
OA for O-PbS QDs.113 
Table 2.4. Equilibrium constants (Keq), exchange ratios (1 free OA = X bound UDA), and 
percent change of ligand coverage relative to 0 equivalents UDA (Lig. %Δ) for O-PbS QDs.  
 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
Eq. 
UDA Keq X 
Lig. 
%Δ Keq X 
Lig. 
%Δ Keq X 
Lig. 
%Δ Keq X 
Lig. 
%Δ Keq X 
Lig. 
%Δ 
0   0   0   0   0   0 
50          3.99 1.75 24.7 2.49 1.23 22.1 
60       2.28 1.31 15.7       
80 2.01 1.04 10.8 2.40 1.04 10.7 1.50 1.27 18.3       
100       2.14 1.07 12.2 1.66 1.38 19.7 1.79 1.01 7.02 
120 1.86 1.01 7.19 1.97 1.05 5.86 2.15 1.31 26.1       
140       2.28 1.21 14.3       
150          1.96 1.27 11.0 2.36 1.25 13.8 
160 2.01 0.96 -0.13 2.22 1.10 6.39 2.20 1.18 9.12       
200       2.47 1.12 15.3 2.54 1.49 24.2 2.58 1.18 11.8 
240 2.35 1.10 12.8 2.44 1.24 15.4          
250             3.28 1.12 8.18 
300          2.86 1.39 16.4 1.64 1.19 9.08 
320 2.74 1.00 6.46 1.90 1.16 7.17          
400          1.98 1.55 32.2 1.98 1.23 18.9 









Table 2.5. Equilibrium constants (Keq), exchange ratios (1 free OA = X bound UDA), and 
percent change of ligand coverage relative to 0 equivalents UDA (Lig. %Δ) for HS-PbS QDs.  
 Trial 1 Trial 2 Trial 3 Trial 4 
Eq. UDA Keq X Lig. %Δ Keq X Lig. %Δ Keq X Lig. %Δ Keq X Lig. %Δ 
0   0   0   0   0 
50       1.63 0.85 2.65 1.70 1.12 16.9 
60                                                                                      1.44 1.22 24.1 2.15 1.54 21.9       
100 1.88 1.19 9.55 1.67 1.47 36.9 2.20 0.95 -3.99 2.56 1.12 8.55 
150       2.16 0.89 -8.02 2.45 1.06 6.31 
160 2.41 1.25 13.7 2.52 1.50 32.2       
200       2.43 0.93 -7.93 1.97 1.20 16.9 
240 2.37 1.16 14.4 2.91 0.99 13.7       
250       2.71 1.06 3.25 1.52 1.21 26.8 
300       2.23 0.99 -6.13 1.86 1.01 14.3 
400 2.04 1.28 16.5 2.12 1.01 -1.43 2.82 1.04 10.3 1.50 1.23 30.3 
500       2.69 1.01 12.7 1.70 0.89 -4.65 
600       2.14 0.92 -9.04 2.14 0.92 -1.84 
 
 Trial 5 Trial 6 Trial 7 
Eq. UDA Keq X Lig. %Δ Keq X Lig. %Δ Keq X Lig. %Δ 
0   0   0   0 
50 1.52 1.12 9.52 1.91 0.90 9.74 1.58 0.94 -6.34 
60                                                                                           
100 1.97 1.01 -6.72 2.10 1.08 10.6 2.48 1.07 -1.55 
150 1.88 1.12 4.48 2.31 0.96 -2.24 2.22 0.99 -11.3 
160          
200 2.39 1.09 -0.07 2.12 1.04 4.63 2.43 1.09 -6.20 
240          
250       2.80 1.00 -11.4 
300 2.57 1.11 -3.47 1.73 0.97 -3.59 3.06 1.02 -5.72 
400 2.87 1.14 0.28 1.69 0.98 -3.71 1.65 1.14 -1.31 
500 1.80 1.02 45.0 2.08 1.08 7.78 1.95 1.08 -6.34 
 
While the 1H NMR data are highly suggestive that an X-type reaction is the dominant 
exchange mechanism, additional spectroscopic characterization is required to definitively 
distinguish between metal carboxylate liberation in Z-type ligand displacements and 
carboxylic acid release in pure X-type exchange reactions. Although inductively-coupled 
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plasma mass spectrometry (ICP-MS) is regularly employed to assess metal:chalcogenide 
ratios of QDs, quantification of the Pb:S ratio by ICP-MS is known to be inaccurate, as 
digestion of sulfides with nitric acid leads to the formation of volatile H2S.137 XPS provides 
an alternate means of determining the inorganic composition of QDs and is suitable for 
sulfur-containing QDs.129,142,144,145 Pb:S ratios before and after the addition of 1000 
equivalents of UDA (Figure 2.9 and Figure 2.10) are the same within error for both sets of 
nanocrystals (Table 2.6). This is inconsistent with a Z-type mechanism in which 
Pb(carboxylate)2 ligands would be displaced from the surface, further supporting a majority 
X-type ligand exchange mechanism. The Pb:S ratios for as-synthesized QDs are also in 
agreement with literature values (Table 2.7, see Appendix A for theoretical Pb:S ratio 
calculations). 
4.84.95.05.15.25.35.45.55.65.75.85.96.06.16.26.3
Chemical Shift (ppm)  
Figure 2.9. 600 MHz 1H NMR spectrum of O-PbS QDs after QDs were stirred overnight 
with 1000 equivalents of UDA then precipitated by centrifugation. This spectrum confirms 
that all unbound ligands were removed (there is an absence of free OA and free UDA 





Figure 2.10. 600 MHz 1H NMR spectrum of HS-PbS QDs after precipitation by 
centrifugation from stirring overnight with 1000 equivalents of UDA. 
Table 2.6. Pb:S ratios determined via XPS before and after exchange with UDA. 
Sample As-synthesized After UDA exchange 
O-PbS 1.81 ± 0.06 1.83 ± 0.10 
HS-PbS 1.91 ± 0.09 1.84 ± 0.03 
 
Table 2.7. Previously reported Pb:S ratios quantified via XPS. 
Method of synthesis Diameter (nm) Pb:S ratio Ref. 
Owen 3.2 2.26 142 
Hines–Scholes 2.9 1.75 144 
Hines–Scholes 2.9 1.55 ± 0.07 129 
 
To further evaluate how ligand exchange impacts the surface electronic structure of 
the inorganic core, the excitonic transition was monitored via Visible-NIR absorbance 
spectroscopy during UDA titrations. Absorbance features are sensitive to changes in the 
surface ligands due to coupling of the electronic structure of the surface with the exciton 
confined within the core.146 Increasing UDA concentrations up to 400 equivalents resulted in 
7 and 10 nm blue shifts in the excitonic features for HS-PbS (Figure 2.11) and for O-PbS 
(Figure 2.12), respectively. While blue shifts of absorbance features can indicate a change in 
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the nanocrystal core size due to etching of the surface,17 the small hypsochromic shifts 
observed here correspond to less than 1 lattice unit reduction in size (Table 2.8) and are 
likely due to a decrease in solvent shielding resulting from the shorter UDA ligand rather 
than surface etching. This conclusion is further supported by the invariant Pb:S ratio before 
and after UDA addition as well as the preservation of 90% of the excitonic emission (Figure 
2.13). 
 
Figure 2.11.  Visible-NIR absorbance spectra upon titration of 400 equivalents of undec-10-
enoic acid (UDA) to 4.75 μM HS-PbS QDs in benzene. 
 
Figure 2.12. Visible-NIR absorption spectra of 2.33 μM O-PbS QDs titrated with up to 400 




Table 2.8. Excitonic transition maxima and calculated change in diameter upon addition of 
400 equivalents of UDA. The Δd values are <10% of the lattice constant, which supports the 
conclusion that the observed hypsochromic shifts are not due to surface etching, but rather 




Figure 2.13.  Emission spectra of 4.75 μM HS-PbS QDs titrated with up to 400 equivalents 
of UDA in benzene. 
2.3.3. Quantification of Ligand Exchange Processes 
The stoichiometric 1:1 ligand exchange established by 1H NMR and XPS 
measurements allows an equilibrium constant for the ligand exchange reaction (Eqn. 2.1) to 
be calculated. The equilibrium constant (Keq) is determined from Eqn. 2.2.  





where ([OA−]B) is the concentration of bound OA, [OA]F is the concentration of free OA, 
[UDA−]B is the concentration of bound undec-10-enoate, and [UDA]F is the concentration of 
free UDA as determined by integration of the alkenyl signals in the 1H NMR spectra. 
Using 1H NMR data from spectra recorded with 0–600 equivalents of UDA, Keq 
values of 2.23 ± 0.50 and 2.14 ± 0.42 were determined for O-PbS and HS-PbS QDs, 
QD batch λmax, QD only (nm) λmax, 400 eq. UDA (nm) Δd (nm) 
O-PbS 937 (d = 3.04 nm) 927 (d = 3.01 nm) 3.87•10-2 
HS-PbS 867 (d = 2.78 nm) 860 (d = 2.75 nm) 2.62•10-2 
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respectively (Table 2.4 and Table 2.5). Agreement of these Keq values indicates that these 
widely used synthetic techniques produce QDs with surface compositions that do not 
quantitatively differ in their reactivity toward the titrated UDA ligand. To verify reversibility 
of the exchange process, OA was added after the titration with UDA. Upon addition of UDA, 
the equilibrium constants (calculated with Eqn 2.2) of 2.30 ± 0.40 for O-PbS and 1.92 ± 0.42 
for HS-PbS (Table 2.9 and Table 2.10) are consistent with those quantified in the initial 
titration with UDA. In accordance with Le Chatelier’s principle, the addition of OA increases 
the bound oleate signal and decreases the bound UDA peaks, supporting assignment of the 
exchange equilibrium process (Figure 2.14). 
Table 2.9.  Equilibrium constants for the addition of OA at the end of the UDA titration on 
O-PbS QDs.  
 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
Eq. OA added Keq 
20 eq 2.45 2.26    
50 eq   - 2.99 1.85 
60 eq 2.44 2.59    
100 eq   - 1.76 1.81 
200 eq   2.20 - - 
260 eq 2.62     
 
Table 2.10.  Equilibrium constants for the addition of OA at the end of the UDA titration on 
HS-PbS.  
 Trial 1 Trial 2 Trial 5 Trial 6 Trial 7 
Eq. OA added Keq 
50 eq   1.56 1.89 1.95 
100 eq   2.94 2.06 1.36 
200 eq 2.08 1.93    





Figure 2.14. 600 MHz 1H NMR spectrum of HS-PbS QDs in benzene-d6 at the end of an 
UDA titration in which 400 equivalents of UDA were added to the solution (red). Adding 
200 equivalents of OA after the titration was completed (blue) demonstrates the reversibility 
of UDA exchange.  
Comparing the quantitative Keq values for the exchange of OA and UDA on PbS QDs 
to those of other systems affords deeper understanding of how ligand structure influences the 
exchange process. Beard and coworkers recently evaluated a cooperative exchange process 
between native oleate ligands and trans-2,6-difluorocinnamic acid on O-PbS QDs.113 In this 
system, the Keq value increased as the coverage of trans-2,6-difluorocinnamic acid increased. 
This behavior was ascribed to the ability of the fluorinated aryl tails to engage in π–π 
stacking—a favorable ligand–ligand interaction that can promote subsequent ligand addition. 
However, the short, fluorinated aryl tails of trans-2,6-difluorocinnamic acid are substantially 
different than the long aliphatic tails of OA and UDA. The equilibrium constant for the 
exchange of OA and UDA was not found to depend on the concentration of UDA, which is 
an expected result given the weak ligand–ligand interactions and lack of π–π stacking 
electronic effects between the aliphatic chains of OA and UDA. 
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The impact of the core material on ligand exchange can be elucidated by quantitative 
evaluation of the same exchange reaction for a series of inorganic core materials. The Keq 
values for PbS QDs are greater than 1, indicating that the binding of UDA to the PbS QD 
surface is more favorable than the binding of OA. The carboxylate anchoring groups bound 
to the surface metal atoms are identical for both partners in this X-type exchange reaction 
making it unlikely that the identity of the anchoring groups plays a role in dictating ligand 
binding, though the structure of the exchanging ligand chains could still influence ligand 
affinity for the surface. Interestingly, comparison of this data to the Keq for the identical 
exchange reaction on 2.9 nm CdSe QDs paints a more complex picture. Investigations of 
CdSe QDs yielded a Keq less than 1 (Keq =0.84 ± 0.05) that is constant across UDA 
concentrations, indicating that binding of OA to the QD surface is favored.39 This 
comparison indicates that the steric interactions between the ligand chains of UDA and OA 
cannot exclusively control the affinity of ligands for the nanocrystal surface, otherwise 
comparable Keq values for each semiconductor material would be expected. QD size and 
solvent effects are also unlikely explanations for the observed difference in ligand affinity 
between these materials as the QDs employed in these two studies are approximately the 
same diameter and the ligand exchanges were analyzed in similar solvents (benzene for PbS, 
toluene for CdSe). While ligand coverage differed between the PbS (2.9 oleates per nm2) and 
CdSe (1.4 oleates per nm2) QDs studied in our lab, Hens and coworkers found a nearly 
identical Keq value for CdSe with substantially higher ligand coverage (3.2 oleates per nm2),81 
suggesting that tighter packing alone does not dictate the relative Keq. For these reasons, we 
hypothesize that the composition of the surface crystal facets influences the relative Keq 
values for PbS and CdSe. 
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Computational models of rock salt PbS QDs147 and zinc blende CdSe QDs86 have 
revealed eight {111} facets and six {100} facets for each material, yet the metal 
chalcogenide composition of these facets differs for each semiconductor due to the 
underlying crystal structure. For PbS, the neutral (001) facet is a checkerboard pattern of lead 
and sulfur atoms which does not require X-type oleates for charge balance.147 The (111) facet 
can be either lead- or sulfur-rich; a lead-rich surface would require X-type ligands for charge 
balance while a sulfur-rich surface could host Z-type Pb(oleate)2 species. Both scenarios 
would lead to a cation-rich QD, as is generally observed for PbS (Table 2.7) and CdSe. By 
contrast, the (100) and (111) facets of CdSe can each expose either cadmium or selenium 
ions.35 The differences between the available facets—and the boundaries between them—
may underpin nuanced ligand–ligand interactions and ligand packing arrangements related to 
the intrinsically straight structure of UDA vs. the ‘‘kinked’’ oleate ligand that influence the 
observed Keq. 
The slight deviation from a strict 1:1 exchange ratio observed for PbS (Table 2.4 and 
Table 2.5) may also explain the difference in the Keq values for PbS and CdSe, as it suggests 
a binding affinity for neutral UDA on PbS. Binding of carboxylic acid as a neutral ligand has 
been reported to be energetically favorable for the (001) facet of PbS, albeit with a 
substantially weaker binding energy than an X-type ligand bound to a cation-rich surface.147 
The (001) facet is likely uncoordinated after the extensive purification procedures employed, 
so UDA may associate as a neutral ligand during the course of the titration, contributing to 
the higher effective Keq values for this material. Together, these data highlight the subtleties 
of ligand exchange reactions and QD surfaces and underscore the need to improve 




The mechanism of ligand exchange between carboxylate-terminated oleate and UDA 
ligands was evaluated for PbS QDs synthesized via two distinct routes. 1H NMR 
spectroscopy was used to quantify the exchange equilibrium of this reaction and yielded a 
similar equilibrium constant for both sets of PbS QDs (Keq = 2.23 ± 0.50 and 2.14 ± 0.42 for 
O-PbS and HS-PbS, respectively), demonstrating that the surface ligand reactivity of each set 
of QDs is indistinguishable. XPS and optical spectroscopies indicate that Z-type ligand 
dissociation or displacement does not occur, and that the dominant pathway is an X-type 
exchange mechanism. This study illustrates the dependence of ligand exchange reactions on 
ligand structure and semiconductor material, which can dictate the binding and packing of 
native and exchange ligands on the crystal facets. The quantification of this aliphatic 
carboxylate–carboxylate exchange will contribute to a deeper understanding of complex 

















CHAPTER 3. MAPPING THE TOPOLOGY OF LEAD SULFIDE NANOCRYSTALS 
THROUGH DISPLACEMENT ISOTHERMS OF SURFACE-BOUND METAL 
OLEATE COMPLEXES 
Reprinted with permission from Kessler, M. L. and Dempsey, J. L. Mapping the Topology of 
PbS Nanocrystals through Displacement Isotherms of Surface-Bound Metal Oleate 
Complexes. Chem. Mater. 2020, 32, 2561–2571. © 2020 American Chemical Society 
 
3.1 Introduction 
 Colloidal semiconductor nanocrystals (NCs) that are quantum confined in one or 
more dimensions exhibit size-dependent photophysical properties desirable for applications 
including biodiagnostic imaging, displays, photovoltaic devices, and photocatalysis.148–151 
Semiconductor NCs consist of an inorganic lattice terminated by organic capping ligands, 
which impart solution processability and tunability to the materials. Semiconductor NCs 
exhibit a variety of shapes including rods,152 cubes,153 hexahedrons,10 tetrapods,3 platelets,8,9 
and dots4–6, the formation of which is dictated by a combination of the intrinsic lattice 
structure and the synthetic conditions. Among these, quantum dots are broadly defined as 
nanocrystals of quasi-spherical shape, displaying a range of exposed crystalline facets that 
often cannot be resolved by routine transmission electron microscopy (TEM) images (Figure 
3.1). Improved methods to probe the surface structure of quasi-spherical semiconductor cores 





Figure 3.1. Nanocrystalline lattices with quasi-spherical shapes, ranging from octahedral 
(left) to cuboctahedral (right). For rock salt PbS NCs, the gray planes represent (111) facets 
and the yellow planes represent (100) facets. 
Colloidal PbS quantum dots are reported to display an octahedral morphology for 
diameters less than about 3 nm, exposing polar (111) facets terminated by Pb atoms.22,118 As 
the size of the nanocrystal increases, theory predicts the emergence of neutral (100) facets 
(each displaying a checkerboard pattern of Pb and S atoms) due to steric crowding of long-
chain oleate ligands required to balance charge on the (111) surfaces.22 These (100) facets 
arise from truncation at the octahedral vertices, leading to structures that contain polar (111) 
facets, neutral (100) facets, and edge sites where these facets meet, each providing sites with 
distinct ligand affinities (Figure 3.1). Choi et al. demonstrated that Pb:S ratios obtained via 
X-ray photoelectron spectroscopy (XPS) for nanocrystals 1.5 to 7.5 nm in diameter deviate 
from an ideal octahedral model at sizes larger than 3 nm, concluding that this deviation is due 
to the growth of neutral (100) facets.22 The transition from octahedral to truncated 
morphologies has also been investigated via high-resolution transmission electron 
microscopy (HR-TEM) image analysis.118,147,154 While use of the Wulff construction model, 
which measures the distance from the center of a nanocrystal to a (100) facet and to a (111) 
facet, supports a correlation between shape and size, it is difficult to resolve the edges for 
particles smaller than 5 nm in diameter by HR-TEM. Furthermore, the proposed structural 
changes with increasing NC size have implications beyond the physical NC shape and are 
often used to rationalize the low stability of large PbS NCs under ambient conditions. For 
example, PbS NCs larger than 4 nm in diameter typically demonstrate low 
photoluminescence quantum yields (PLQY) and blue shifted excitonic absorbance features 
when exposed to ambient conditions.22 This has been rationalized by reaction of the 
increasingly large (100) facets with oxygen to form PbOx and SOx species.22,118,155–157 
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Though certainly of great importance in understanding NC growth and reactivity, imaging 
techniques are currently unable to provide an atomically resolved picture of the surface 
structure of small quasi-spherical nanostructures. 
 Limitations of current microscopy techniques led us to consider whether the surface 
topology of PbS nanocrystals can be resolved through the site-selective chemical reactivity of 
Z-type ligands. Comprised of X-type anionic ligands bound to a metal cation, Z-type ligands 
reversibly bind to Lewis basic chalcogenide sites on the nanocrystal and can also be 
coordinated by L-type donor ligands in solution (Scheme 3.1). Owen and coworkers first 
demonstrated Z-type ligand displacement from CdE and PbE nanocrystals (E = S, Se) with a 
library of L-type molecules often employed in nanocrystal purification, post-synthetic 
exchanges, and surface modifications.114 In contrast with incidental Z-type displacement 
which can deleteriously influence photophysical properties of NCs, controlled liberation of 
Z-type ligands from NC surfaces can serve as a tool to probe their native surface 
composition. Using potent Z-type ligand displacers, 1H NMR studies have been performed 
on CdSe NCs to probe the binding of Z-type ligands to Lewis basic sites on the NC 
surface.35,36 These studies reveal that the Z-type reactivity of CdSe NCs is best modeled by a 
two-site displacement isotherm. Zinc blende CdSe NCs expose two facets: the (100) facet on 
which CdX2 is coordinated through two Cd–Se bonds and the (111) facet on which CdX2 is 
coordinated through a single Cd–Se bond. Beaulac and coworkers utilized 
photoluminescence spectroscopy to assign the Z-type binding sites determined from 1H NMR 
to each of the two exposed facets of CdSe NCs, relating vacancies on the (100) facet to 
dramatic decreases in the PLQY.35 Hens and coworkers also found that two distinct, reactive 
populations of Z-type ligands exist on CdSe NCs, and employed density functional theory 
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computations to demonstrate heterogeneity of displacement energies among vertex, edge, and 
center sites on a (100) facet.36 While these reports on Z-type displacement from CdSe NCs 
do not arrive at the exact same assignment of the two types of reactive sites, both emphasize 
a powerful way to utilize quantitative 1H NMR spectroscopy to gain insight into the 
inorganic lattice of NCs by monitoring the environment of the organic surfactants. 
Recognizing this, we have employed Z-type ligand displacement reactions to investigate the 
effect of size-dependent faceting of small PbS NCs, which is difficult to assess by 
microscopy. Specifically, we utilize L-type promoted Z-type displacement isotherm analysis 
to investigate the surface structure of PbS nanocrystals in two size regimes proposed to yield 
distinct quasi-spherical shapes: 2.8 nm and 3.9 nm in diameter.  The displacement isotherms 
indicate that multiple sites with distinct reactivity exist for each size of PbS NCs, which we 
correlate with atomically precise geometric models.   
Scheme 3.1. Equilibrium processes describing L-type promoted Pb(OA)2 displacement from 






























aPbX2 complexes bound to the surface are depicted to show the stoichiometry of the 
dissociated complex, but the oleates could bridge two Pb ions when bound to the nanocrystal.  
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3.2 Experimental Section 
3.2.1 Chemicals 
Benzene-d6 was purchased from Cambridge Isotope Laboratories. PbO (99.999%), 
oleic acid (OA) (90%), 1-octadecene (ODE) (90%), bis(trimethylsilyl) sulfide ((TMS)2S), 
and ferrocene (98%) were purchased from Sigma-Aldrich and used as received. N,N,N′,N′-
Tetramethylethane-1,2-diamine (TMEDA) (99%, Acros Organics) was stored in a nitrogen-
filled glovebox, and aliquots were removed for sample preparation. Solvents used for 
purification of NCs and for UV-Visible-NIR studies were purchased from Fisher Scientific 
and VWR. Benzene (99%) was purchased from Fisher. Lead oleate was synthesized 
according to the procedure described in Hendricks et al. Characterization of Pb(OA)2 by 
FTIR, 1H NMR, and ICP-MS is consistent with that of the literature and supports the 
lead:oleate stoichiometry. 
3.2.2 Synthesis and Purification of PbS NCs 
Standard Schlenk line techniques were utilized to maintain an inert atmosphere 
during the synthesis of NCs. PbS NCs 2.8 nm in diameter were synthesized following 
previously reported procedures.4,38 Lead(II) oxide (0.9044 g, 4.1 mmol), oleic acid (2.26 g, 
8.1 mmol), and ODE (28 g) were combined in a 100 mL three-neck round bottom flask and 
stirred under vacuum at 100 °C for 2 h 40 min. The flask was placed under a nitrogen 
atmosphere and heated at ca. 125 °C for 20 minutes to yield a clear and colorless solution. 
Simultaneously, (TMS)2S (0.422 mL, 2.1 mmol) and ODE (4 g) were combined in a 25 mL 
two-neck pear-shaped flask and degassed. The (TMS)2S mixture was injected rapidly into the 
Pb(OA)2 solution at 100 °C and the reaction was allowed to proceed for 2 min, during which 
time the solution turned dark brown. The reaction vessel was removed from the heating 
mantle and quenched by injection into 40 mL of acetone. The NC mixture plus additional 
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acetone (2:1) was centrifuged at 8000 rpm for 10 min. After decanting the supernatant, the 
NCs were resuspended in minimal pentane (~2 mL) and precipitated by centrifugation with 8 
mL of acetone four more times. The PbS NCs were isolated from pentane by evaporation, 
yielding 1.03 g of NCs. The NCs were suspended in benzene-d6 and stored under air in the 
dark.  
PbS NCs 3.9 nm in diameter were synthesized as above with slight modifications. 
The Pb(OA)2 precursor was prepared by combining PbO (0.904 g, 4.1 mmol), oleic acid 
(9.11 g, 32.4 mmol), and ODE (28 g) in a 100-mL round bottom flask. The flask was placed 
under vacuum at 80 °C for 3 hr, turning clear and colorless within 1 h, and then placed under 
nitrogen. The (TMS)2S precursor was prepared in a glovebox by adding (TMS)2S (0.37 mL, 
1.8 mmol) to ODE (4 g) then was injected into the Pb(OA)2 solution at 138 °C. Within 
seconds, the solution turned from colorless to dark brown, and the NCs were allowed to react 
for 3 min at 132 °C. The heating mantle was lowered and the reaction quenched by cooling in 
a room temperature oil bath. The NC mixture was purified by centrifugation of 4 mL reaction 
mixture, 2 mL toluene, and 6 mL acetone at 8500 rpm for 10 minutes. The NCs were 
resuspended in 3 mL toluene, precipitated with 9 mL acetone, and centrifuged for two 
additional rounds, discarding the supernatant. NCs were next suspended in 2 mL pentane, 
precipitated with 8 mL acetone, and centrifuged. One additional centrifugation round each 
with toluene and pentane were carried out. Solid white Pb(OA)2 remained and the 
nanocrystals, suspended in cold pentane, were filtered over a fine frit, collecting a 2 mm 
layer of gray-white Pb(OA)2. NCs were precipitated from 1:3 pentane to acetone by 
centrifugation, followed by a final round with 1:4 toluene to acetone. The purified sample 
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was suspended in pentane, the solvent was removed by vacuum, and the NCs were suspended 
in benzene-d6 and stored in a nitrogen-filled glovebox. 
3.2.3 Absorbance Measurements 
Absorbance measurements were recorded using Cary 60 and Cary 5000 UV-Visible-
NIR absorbance spectrophotometers by diluting 10 μL of PbS NC stock solution (in benzene-
d6) in a known volume of benzene. Nanocrystal concentrations were calculated from the 
absorbance at 400 nm using the ε400 value determined by the method of Moreels et al.136 
3.2.4 Sample Preparation for 1H NMR Spectroscopy 
NMR samples were prepared by measuring the concentration of PbS NC stock 
solutions via UV-Visible-NIR spectroscopy, then diluting a calculated volume of stock 
solution with benzene-d6 to obtain a concentration of 50 μM NCs for 2.8 nm PbS and 33 μM 
NCs for 3.9 nm PbS. A total of 10 μL of a ferrocene standard containing a known amount of 
approximately 10 mg ferrocene in 1.0 mL benzene-d6 was added to each NMR sample to 
quantify the bound and free ligand per NC (this volume was accounted for in the above 
concentrations). Stock solutions of TMEDA in benzene-d6, or pure TMEDA (for high 
concentrations only), were added to achieve a distribution of molar ratios of TMEDA to NC. 
Molar concentrations of TMEDA for each sample are calculated from the moles of TMEDA 
divided by the total volume of solution in the NMR tube after addition of an aliquot of the 
stock solution of TMEDA. Spectra were collected on a Bruker 600 MHz spectrometer with a 
30 s delay time and 8 scans (16 scans for ICP-MS experiments). 
3.2.5 X-ray Photoelectron Spectroscopy 
Au-coated silicon wafers were fabricated using a KJ Lesker sputter coater. Wafer 
pieces were sonicated in ethanol and dried under airstream prior to dropcasting PbS NCs in 
pentane. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 
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DLD X-ray photoelectron spectrometer with a monochromatic Al Kα X-ray source. Survey 
and high-resolution scans were obtained with pass energies of 80 and 20 eV, respectively. All 
spectra were corrected to the C 1s peak at 284.6 eV. 
3.2.6 Transmission Electron Microscopy 
Transmission electron microscopic images were recorded on a FEI Talos F200X 
microscope operating at 200 kV. Samples were prepared by dropping dilute solutions of 
nanocrystals in pentane onto 400 mesh lacey carbon grids (Ted Pella, Inc.) and were dried 
overnight under vacuum at room temperature. Images were analyzed using ImageJ software. 
3.2.7 Sample Preparation for ICP-MS 
Samples for inductively coupled plasma mass spectrometry (ICP-MS) analysis were 
prepared immediately after 1H NMR spectra were collected (NCs reacted with TMEDA for 
60–90 min). Reactions using 3·10-8 moles of PbS NCs were found to produce Pb(OA)2 
concentrations appropriate for ICP-MS analysis without requiring excessive dilution. The 
NMR sample was rinsed into a centrifuge tube using toluene, the NCs were precipitated with 
acetone and centrifuged, and the supernatant was concentrated via rotary evaporation. 
Resuspension in toluene and precipitation from acetone and/or acetonitrile via centrifugation 
was repeated at least once more and the solvent removed. UV-Visible-NIR absorbance 
measurements of the isolated Pb(OA)2 in toluene were recorded on a Cary 5000 spectrometer 
in a 2 mm cuvette. A scintillation vial containing the dried supernatant was then heated in a 
box furnace at 450 °C for 30 min to pyrolyze the organics. The contents of the scintillation 
vial were digested overnight in 3 M HNO3 (TraceMetal Grade, Fisher Chemical) in Millipore 
water.158 The sample was pipette filtered through Whatman GF 6 glass filter paper with a 
pore size of <1 µm, rinsed with 2% HNO3 in Millipore water into a 10 mL volumetric flask, 
and transferred to a 15 mL centrifuge tube. The sample was diluted by 10–200× to obtain a 
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concentration of Pb within the confines of the calibration curve, typically targeting 100 ppb 
Pb. Pyrolysis and nitric acid digestion of an as-prepared 100 ppb sample of synthesized 
Pb(OA)2 agreed with the concentration of 95.6 ppb Pb obtained via ICP-MS, demonstrating 
the viability of the above-stated protocol and an error of less than 5%. ICP-MS was carried 
out on a Thermo Element XR instrument operated in low resolution and tuned to Li, In, and 
U. Calibration standards were prepared from appropriate dilutions of 100 ppm Pb in 0.5% 
HNO3 (v/v) (Inorganic Ventures) with 2% trace metals grade HNO3 (Fisher Chemical) in 
18.2 MΩ water. The total moles of Pb quantified by ICP-MS (accounting for dilution) 
divided by 3·10-8 moles of nanocrystals yielded the number of Pb ions dissociated per 
nanocrystal. 
3.3 Results and Discussion 
3.3.1 Pb(OA)2 Displacement from PbS NCs 
PbS NCs of 2.8 and 3.9 nm in diameter were synthesized and purified according to an 
adapted procedure.4,38 Nanocrystal sizes and extinction coefficients were calculated from the 
lowest-energy excitonic features in the absorbance spectra based on the empirical sizing 
curve for PbS nanocrystals (Figure 3.2).136 Analysis of TEM images of nanocrystals 
processed in ImageJ indicate a low degree of polydispersity: 2.8 ± 0.2 nm in diameter 
(Figure 3.2) and 3.8 ± 0.3 nm in diameter (Figure 3.3 and Figure 3.4); the optically 
determined size of 3.9 nm is used in reference to the larger batch of NCs. Total ligand 
coverages are 137 ± 9 oleates/NC and 222 ± 4 oleates/NC for the 2.8 nm NCs and the 3.9 nm 
NCs, respectively, as determined by 1H NMR spectroscopy (Figure 3.6 and Figure 3.7). X-
ray photoelectron spectroscopy (XPS) characterization indicates that the 2.8 nm NCs are 
more Pb-rich than the 3.9 nm NCs with Pb:S ratios of 2.05 ± 0.18 and 1.67 ± 0.04, 
respectively (Table 3.1 and Table 3.2). The decrease in the Pb:S ratio with increasing size 
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agrees with trends observed in the literature.22,118,159 The absolute values of the Pb:S ratios 
are slightly higher than those obtained by Choi et al., yet inconsistent Pb:S values for a given 
NC diameter are commonly reported.38,129,142,144 
 
 
Figure 3.2. As-synthesized 2.8 nm (red) and 3.9 nm (blue) PbS nanocrystals. The λmax is 876 
nm for 2.8 nm PbS NCs and 1151 nm for 3.9 nm PbS NCs. NC diameter was determined by 







Figure 3.3. (a) TEM image of 2.8 nm PbS nanocrystals. (b) Histogram of 136 particles. The 












Figure 3.4. (a) TEM images of 3.9 nm PbS nanocrystals. (b) Histogram of 237 particles. The 








Figure 3.5. TEM images of 3.9 nm PbS NCs reacted with 30000 equiv. TMEDA per NC for 







Figure 3.6. 600 MHz 1H NMR spectrum of purified 2.8 nm PbS nanocrystals dispersed in 
benzene-d6. The alkene resonance was used for all quantification methods and was fit to two 
peaks. The smaller, upfield peak corresponds to residual “free” oleate or Pb(OA)2 and the 
larger, downfield peak is attributed to bound oleate or Pb(OA)2.  
 
Figure 3.7. 600 MHz 1H NMR spectrum of purified 3.9 nm PbS nanocrystals dispersed in 

























Table 3.1. Pb:S ratios for 2.8 nm PbS NCs obtained from atomic concentrations of Pb and S 
determined by XPS.  
XPS Sample Atomic Pb % Atomic S % Pb:S ratio 
2.8 nm Wafer 1 
1 5.59 2.72 2.06 
2 5.64 2.95 1.91 
2.8 nm Wafer 2 
1 4.91 2.34 2.10 
2 5.45 2.80 1.95 
2.8 nm Wafer 3 
1 4.83 2.02 2.39 
2 5.49 2.88 1.91 
Avg. ± SD 2.05 ± 0.18 
 
Table 3.2. Pb:S ratios for 3.9 nm PbS NCs obtained from atomic concentrations of Pb and S 
determined by XPS.  
XPS Sample Atomic Pb % Atomic S % Pb:S ratio 
3.9 nm Wafer 1 
1 6.77 4.04 1.68 
2 6.92 4.27 1.62 
3.9 nm Wafer 2 
1 6.26 3.70 1.69 
2 6.09 3.66 1.66 
3.9 nm Wafer 3 
1 6.56 4.06 1.62 
2 6.85 3.99 1.72 
Avg. ± SD 1.67 ± 0.04 
 
To gain insight into the surface faceting of 2.8 nm and 3.9 nm PbS nanocrystals, we 
added the chelating agent N,N,N′,N′-tetramethylethane-1,2-diamine (TMEDA), which has 
previously been demonstrated to remove Z-type ligands from the surfaces of quantum dots 
without binding directly to the nanocrystal surface, due to steric hindrance.35,36,77,114,160 
TMEDA was titrated into solutions of PbS NCs in benzene-d6 to quantify changes to the 
surface composition via 1H NMR spectroscopy (Figure 3.8 and Figure 3.9). A diagnostic 
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peak at 5.71 ppm corresponds to the alkene protons of the bound oleate ligands; peak 
broadening for nanocrystal-bound ligands has been attributed to short T2 relaxation times 
resulting from small diffusion coefficients of nanoparticles.16,33 Upon addition of TMEDA, 
the intensity of the bound oleate signal decreases and a sharper peak grows in upfield at ca. 
5.5 ppm, indicating the liberation of Pb(OA)2 as the TMEDA-bound species, hypothesized to 
be the chelated complex (κ2-TMEDA)Pb(OA)2 (Figure 3.8 and Figure 3.9). Supporting 
evidence for the stoichiometry of Pb(OA)2 is discussed below. The separation between bound 
and free 1H NMR resonances of ca. 0.2 ppm is consistent with the phenomenon of aromatic 
solvent-induced shifting, wherein solvation environments for the freely diffusing species and 
the same NC-bound species differ in benzene and other aromatic solvents.16 Liberation of the 
majority of Pb(OA)2 from PbS NCs requires high concentrations of TMEDA; concentrations 
up to 10,000 equiv. per NC (~0.5 M TMEDA) results in displacement of 40% of the oleate 
ligands. The free Pb(OA)2 peak remains unresolved throughout the titration in contrast with 
the fully resolved multiplet observed for pure oleic acid, sodium oleate,75 (κ2-
TMEDA)Cd(OA)2,35,36 isolated (κ2-TMEDA)Pb(OA)2,114 and synthesized Pb(OA)2. To 
determine if the in situ peak broadening of the (κ2-TMEDA)Pb(OA)2 species is attributed to 
dynamic exchange with the nanocrystal surface, we employed 2D 1H–1H nuclear Overhauser 
effect spectroscopy (NOESY). The NOESY spectrum of 2.8 nm PbS NCs equilibrated with 
500 equiv. TMEDA displays negative cross-peaks for surface-bound and liberated oleate 
alkene protons, indicating chemical exchange between bound and free states (Figure 
3.10).33,138 In support, a similar result was obtained for Cd(OA)2 displacement from CdSe 
nanoplatelets by BuNH2.82 We further confirm the exchange equilibrium between surface-
bound and TMEDA-coordinated Pb(OA)2 via variable temperature 1H NMR spectroscopy. 
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Increasing the temperature to 325 K increases the fraction of displaced Pb(OA)2, a change 
reversible upon cooling to room temperature (Figure 3.11). The reversibility of Pb(OA)2 
displacement in response to temperature perturbation supports a dynamic exchange 
equilibrium of Pb(OA)2 between the (κ2-TMEDA)Pb(OA)2 adduct and the Lewis basic site 
on the PbS NC surface, in agreement with 2D NMR experiments. This observation is 
intriguing given that the chelate effect of TMEDA is anticipated to result in slow exchange 
between the bound and free states of Pb(OA)2.  
 
Figure 3.8. (a) 1H NMR spectra of 2.8 nm PbS nanocrystals (50 μM in benzene-d6) 
equilibrated with TMEDA (concentration in mM to left of spectra). Ferrocene internal 
standard is denoted by (*) and an impurity in TMEDA is denoted by (‡). (b) Spectra from 
panel (a) zoomed in on the alkene region, demonstrating the decrease in surface-bound 
Pb(OA)2 (centered at 5.71 ppm) and the appearance of free (κ2-TMEDA)Pb(OA)2 (centered 




Figure 3.9. (a) 600 MHz 1H NMR spectra of 3.9 nm PbS nanocrystals (33 μM in benzene-d6) 
equilibrated with TMEDA (concentration in mM to left of spectra). Ferrocene internal 
standard is denoted by (*) and an impurity in TMEDA is denoted by (‡). The sharp peak at 
1.55 ppm is attributed to acetone. (b) Spectra from panel (a) zoomed in on the alkene region, 
demonstrating the decrease in surface-bound Pb(OA)2 (centered at 5.72 ppm) and the 
appearance of free (κ2-TMEDA)Pb(OA)2 species (centered at 5.5 ppm). 
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Figure 3.10. 600 MHz 1H-1H NOESY NMR spectrum of 100 μM 2.8 nm PbS NCs (6.0·10-8 
mol NCs) equilibrated with 500 equivalents of TMEDA for 20 minutes. 8 scans were 
recorded, with a mixing time of 300 ms and all other default parameters of the Bruker 
NOESYPHSW pulse sequence unchanged. The negative cross-peaks between the bound and 
free alkene protons indicate chemical exchange, and the negative cross-peaks between the 
alkene protons and the aliphatic protons indicate NOE cross-relaxation (negative peaks 

































Figure 3.11. (a) Variable temperature 1H NMR spectra collected on a 500 MHz spectrometer 
of 60 μM 2.8 nm PbS NCs in toluene-d8. The NMR sample was 59 mM in TMEDA (1000 
equiv/NC) and the temperature was swept from 293 K up to 325 K and back down to 295 K. 
(b) Integration of the bound and free alkene resonances for each spectrum shows a reversible 
process that equilibrates within minutes, supporting a dynamic equilibrium between TMEDA 
and surface-bound Pb(OA)2 ligands. 
3.3.2 Stoichiometry of Displaced Pb(OA)2 Moieties 
When extending the displacement isotherm methodology reported by Beaulac and 
Hens from CdSe to other semiconductor materials,35,36 it is critical to consider that 
distinctions between the materials may play a role in interpretation of the data. Not only does 





additional passivating ligands besides oleate have been reported to bind PbS NCs. 
Computational studies indicate that PbS NCs coordinate hydroxide ligands in addition to the 
intended oleate surfactant; hydroxy anions function both as a ligand to compensate for the 
charge of Pb2+ ions in non-stoichiometric NCs and as a byproduct of synthetic 
conditions.147,161 It has also been argued that steric crowding of oleate ligands on (111) facets 
requires passivation of excess charge by less sterically encumbered hydroxide ligands.147 The 
estimated maximum packing density of Pb on (111) facets is 6.6 Pb ions per nm2.118 
Additionally, separate estimates of the carboxylate footprint on a planar surface presume a 
surface density of 3.3 carboxylates per nm2.1 From these values, it is inferred that only half of 
the Pb ions on the (111) facet are sterically accessible for passivation by oleate ligands, 
demonstrating the need for small, anionic ligands to balance charge in Pb-rich NCs. Direct 
evidence for the coordination of hydroxide ligands to the nanocrystal surface is challenging 
to acquire, as FTIR signatures for –OH bending and stretching modes could result from 
excess oleic acid remaining after purification56,162 or water contamination of the sample.163 
However, while a molecular-level image of X-type ligand coordination to surface Pb ions is 
difficult to obtain for a dynamic solution of NCs, determination of the stoichiometry of the 
displaced Z-type moiety can lend insight into ligand coordination of labile metal oleate 
species. 
To confirm the stoichiometry of the purported Pb(OA)2 ligands liberated by TMEDA, 
inductively coupled plasma mass spectrometry (ICP-MS) and 1H NMR spectroscopy are 
utilized in combination to quantify the Pb ions and oleate ligands, respectively, that are 
released from the NC surface. The procedure for quantifying dissociated Pb ions and oleates 
begins with recording a 1H NMR spectrum of a 50 μM PbS NC sample with no added 
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TMEDA (Figure 3.6). After addition of an aliquot of TMEDA and equilibration for 60 
minutes, another spectrum is collected to quantify the number of oleates no longer bound to 
the nanocrystal. Subsequently, the NCs are separated from the dissociated ligands by 
repeated precipitation–centrifugation cycles with toluene as the solvent and acetone and/or 
acetonitrile as antisolvents. Unlike typical purification procedures for colloidal nanocrystals, 
the supernatant containing dissociated ligands (and any unprecipitated nanocrystals) is 
carefully decanted into a vial and concentrated by rotary evaporation until an opaque white 
residue remains, resembling the white powder form of Pb(OA)2. The residue is analyzed via 
UV-Visible-NIR absorption spectroscopy in toluene to confirm no nanocrystals are present in 
the sample (Figure 3.12 and Figure 3.13). Next, the white residue is pyrolyzed in a box 
furnace to decompose the organic oleate and diamine ligands and aid in solubilizing Pb2+ in 
acidic solutions. (Pb(OA)2 is insoluble in aqueous media and the (κ2-TMEDA)Pb(OA)2 
species is also predicted to be insoluble.) Digestion in nitric acid forms a Pb(NO3)2 salt, 








Figure 3.12. UV-Visible-NIR absorbance spectra (l = 2 mm) in toluene of isolated 
supernatants recorded prior to ICP-MS analysis, after precipitation of NCs from toluene 
using acetone and/or acetonitrile. The lowest-energy excitonic transition near 876 nm for 2.8 
nm in diameter PbS nanocrystals is undetected for each sample, and the absorbance at 400 
nm, from which the empirically-derived concentration of residual nanocrystals could be 
obtained (if NCs were present), is negligible. 
 
The number of dissociated oleate species quantified from 1H NMR spectroscopy and 
the number of dissociated Pb ions determined from ICP-MS provides the stoichiometry of 
the TMEDA-coordinated lead complex liberated from PbS nanocrystals. Across a range of 
concentrations of TMEDA relevant to the Z-type displacement reactions shown in Figure 
3.8, the oleate:Pb ratio of the dissociated species agrees with the 2:1 stoichiometry predicted 
for (κ2-TMEDA)Pb(OA)2 (Figure 3.14, Table 3.3). Confidence in the oleate:metal ratio of 
the free complex enables the assignment of two oleate ligands to a single Z-type moiety. This 
result further implies that hydroxide ligands are not the charge-balancing anions in labile Z-
type ligands for PbS NCs. We hypothesize that the solubility of possible (κ2-
TMEDA)Pb(OA)(OH) or (κ2-TMEDA)Pb(OH)2 adducts in benzene would be lower than that 
of (κ2-TMEDA)Pb(OA)2, discouraging participation of such complexes in the displacement 
equilibrium between TMEDA and the PbS NC surface. Hydroxide groups could alternatively 
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bind as X-type ligands to Pb ions at the centers of (111) facets. Although the presence of 
hydroxide ligands bound to the surface at sites unperturbed by TMEDA cannot be extracted 
from displacement isotherm data, we can presume that two equivalents of free oleate 
correspond to one liberated Z-type ligand and utilize NMR spectroscopy alone to further 
probe TMEDA-promoted Z-type displacement. Extension of this quantitative method which 
compares the metal ion concentration of nanocrystal supernatants with the number of 
nanocrystals in a reaction could aid in resolving the surface structures of III–V 
semiconductor nanocrystals and metal alloyed materials, for which work is already 
underway.79 
 
Figure 3.13. (a) Procedure to determine the stoichiometry of the (κ2-TMEDA)Pb(OA)2 
complex through separation of the Pb(OA)2 species from the etched 2.8 nm PbS NCs. (b) 
Average oleate:Pb ratio of the (κ2-TMEDA)Pb(OA)2 complex is approximately 2:1. Free 
oleate was determined by 1H NMR integrations and free Pb was quantified by ICP-MS; error 






Table 3.3. Liberated oleate ligands per NC determined by 1H NMR spectroscopy and 
dissociated Pb atoms per NC quantified via ICP-MS.  Three samples each at three different 


















36 16 2.2 
1.8 ± 0.4 2 31 16 2.0 
3 29 21 1.4 
1 
10000 
(429 mM)  
61 20 3.0 
2.1 ± 0.8 2 49 31 1.6 
3 50 27 1.8 
1 
17000 
(754 mM)  
63 34 1.9 
2.0 ± 0.4 2 62 25 2.5 
3 58 33 1.8 
 
3.3.3 Pb(OA)2 Displacement Isotherms Determined via 1H NMR Spectroscopy 
For 2.8 and 3.9 nm PbS NCs, both the Z-type displacement equilibria as well as the 
nature of the chalcogenide sites which bind labile Pb(OA)2 ligands inform a molecular-level 
picture of the nanocrystal surface. Concentrations of surface-bound and free Pb(OA)2 species 
from 1H NMR titrations of TMEDA enable determination of displacement isotherms using 
previously derived models. As described above, addition of an L-type ligand to the 
nanocrystal removes neutral Lewis acidic Pb(OA)2 moieties from Lewis basic chalcogenide 
sites (B) on the PbS nanocrystal surface. When the displacement of Pb(OA)2 from all B sites 
proceeds according to a single equilibrium process, a one-site isotherm equation fully 
describes the system. For more than one equilibrium process occurring at the nanocrystal 
surface, multisite equations are needed to capture the displacement of PbX2 (here X = OA, as 
confirmed by the stoichiometry experiments described above) from multiple types of Lewis 
basic Bi (i = 1, 2, ..., n) sites. Beaulac and co-workers considered the case in which two 
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equilibrium processes occur simultaneously (both equilibrium constants must be obtained 
from a coupled two-site equation). If the two equilibria are distinct such that liberation of 
PbX2 from one type of site strongly favors the products while the second equilibrium process 
strongly favors the reactants (this would be evidenced by a sharp transition between 
equilibrium regimes), the limiting linear regimes of the coupled two-site equation may 
successfully model the two equilibria. Though additional multisite equations for i ≥ 3 can 
also be derived, one- and two-site equations best represent our systems and are considered 
below (additional details provided in Appendix B). For a two-site displacement isotherm, the 
binding sites with distinct affinity toward the PbX2 complex are denoted by B1 and B2, 
represented in Eqn. 3.1. 
[B − PbX2] = [B1 − PbX2] + [B2 − PbX2]              (3.1) 
For the reaction of PbX2 bound to either B1 or B2 which is subsequently displaced by 
TMEDA (abbreviated here as L), separate equilibrium reactions are written as 
B1 − PbX2 + L ⇌ B1 + L − PbX2    (3.2) 
B2 − PbX2 + L ⇌ B2 + L − PbX2    (3.3) 








          (3.5) 
For each displacement reaction described by K1 and K2, an associated number of sites, 
N1 and N2, reside on the nanocrystal. N1 and N2 are each equal to the sum of vacant ([Bi]) and 










       (3.7) 
To simplify the K1 and K2 expressions, we use the parameter φ as defined by Saniepay 
et al., which represents the ratio between bound ([L–PbX2]) and unbound ([L]) TMEDA 
(Equation 8).35 The factor [L]0
[L−PbX2]
 is directly obtainable, as the term [L]0 is the total 
concentration of TMEDA in the solution. We also know from experimental validation of the 
L–PbX2 complex described above that the number of free oleates displaced by TMEDA is 
directly proportional to [L–PbX2]. 




− 1     (3.8) 
Under the assumption that the reactivity of each site is uncorrelated (i.e., 
displacement from a B1 site will not influence displacement from a B2 site and vice versa), 
one-site expressions can be written for B1 sites in terms of N1 and K1 and B2 sites in terms of 














               (3.10) 
Using the relation between B1–PbX2 and B2–PbX2 in Equation 3.1, we combine 
Equations 3.9 and 3.10 to yield the two-site displacement isotherm (Equation 3.11) in terms 
of the same measurable independent (φ) and dependent ([NC]/[B–PbX2]) variables as the 







     (3.11) 
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Independent samples equilibrated with different concentrations of TMEDA comprise 
the data sets for 2.8 and 3.9 nm PbS nanocrystals (Figure 3.15). Bound and free Pb(OA)2 
concentrations, obtained through integration of 1H NMR resonances, are combined with the 
concentrations of TMEDA and PbS NCs to yield φ and [NC]/[B−PbX2]. Fitting the data to a 
one-site isotherm (Equations 3.9 and 3.10) yields values for Ni and Ki; fitting the data to the 
two-site isotherm (Equation 3.11) gives values for N1, N2, K1, and K2 through nonlinear 
regression analysis. For 2.8 nm NCs, two distinct regions are observed in the displacement 
isotherm (Figure 3.15). A sharp transition is evident at low φ values, which distinguishes 
two linear regions. In contrast, the 3.9 nm data set in Figure 3.15 has more gradual 
curvature. The 3.9 nm isotherm is suitably modeled by the coupled two-site equation 
(Equation 3.11) across the full range of φ values, yielding two populations of Lewis basic 
sites: 34 N1 sites with a corresponding K1 value equal to 1.8·10−2 and 81 N2 sites with a K2 
value equal to 2.0·10−4 (Table 3.4). The 3.9 nm isotherm yields an Ntot value of 115 ± 8; the 
coupled two-site model itself is derived to constrain the y-intercept to relate to the total 
number of initial bound Z-type ligands obtained from the 1H NMR spectra. Agreement of the 
Ntot value with the experimental average of 111 ± 2 does not validate the accuracy of this 
model but does confirm that the coupled two-site equation describes the 3.9 nm equilibria. 
Two equilibrium processes described by Equations 3.2 and 3.3 are also present for 2.8 nm 
PbS NCs, yet the sharp transition between regimes and experimental scatter of data points 
recorded at low TMEDA concentrations hindered attempts to fit these data to a coupled two-
site equation (allowing all variables to float) using data analysis software (Igor Pro 7.0). 
Since the equilibrium processes are well separated into two regimes, we employed a different 
approach to yield values of N1, N2, K1, and K2 for the 2.8 nm isotherm. First, we observe that, 
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at high TMEDA concentrations, the limit of the two-site equation (Equation 3.11) as φ 
approaches infinity yields a linear regime identical to the one-site equation (Equation 3.10) 
(see Appendix B.3). Consequently, the isotherm at high TMEDA concentrations has a 
shallow slope governed by K2/N2 and an intercept of 1/ N2. Fitting these data to the one-site 
isotherm equation yields an N2 value of 57 and a K2 value of 7.6·10−4. Deriving values for N1 
and K1 in the nearly vertical region at low TMEDA concentrations requires additional 
considerations. The y-intercept for a two-site system relates to 1/Ntot, as shown by the 
limiting linear regime as φ approaches zero (Appendix B.3), and depends strongly on the 
precise values of φ for the points in the nearly vertical region, which are calculated from 
relatively minor spectral changes at these low concentrations of TMEDA. Due to the 
uncertainty in interpretation of the y-intercept (fitting of the vertical region to a line 
significantly overestimates the value of Ntot), a meaningful value for N1 can be determined by 
fixing Ntot to the total number of bound Z-type ligands per NC (68 ± 4) determined via 1H 
NMR spectroscopy. The number of liberated Pb(OA)2 ligands at a low concentration of 
TMEDA suggests that N1 is ≤15% of the total Z-type ligand coverage (10). This agrees with 
the value of N1 (11) calculated by subtracting the N2 value (57) from Ntot (Figure 3.16). Thus, 
we obtain an N1 value of 11 ± 4 B1 sites per NC for the 2.8 nm PbS NCs. Fixing N1, N2, and 
K2, we simulated two-site isotherms for a range of K1 values (Figure 3.17). An overlay of 




Figure 3.14. (a) TMEDA additions to 2.8 nm PbS NCs (50 μM in benzene-d6) fit to Equation 
3.10 for y > 16·10-3 (one-site, dashed line) and simulated by Equation 3.11 (two-site, solid 
line). Inset is zoomed in on low values of φ. (b) TMEDA additions to 3.9 nm PbS NCs (33 
μM in benzene-d6) fit to Equation 3.11 (two-site, solid line).  
Table 3.4. N and K values for 2.8 and 3.9 nm PbS nanocrystals determined by fitting or 
simulating experimental displacement isotherms to one-site or two-site equations. 
NC diameter 
(nm) 
N1 N2 K1 K2 Ntot a 
2.8 11 ± 4 57 ± 1 0.76 ± 0.50 7.6·10-4 ± 6·10-5 68 ± 4 
3.9 34 ± 5 81 ± 6 1.8·10-2 ± 0.8·10-2 2.0·10-4 ± 1·10-4 115 ± 8 
aThe Ntot value for 2.8 nm NCs is the total average ligand coverage by 1H NMR integration. 
The Ntot value for 3.9 nm NCs is the summation of the values of N1 and N2 extracted from 









Figure 3.15. Fractional occupation of bound Pb(OA)2 species for 2.8 nm PbS NC samples. 
The N1-dominated region corresponds to θPb(OA)2  ≥ 0.85. To determine an estimate of N1, we 
multiply 0.15 by the total average Z-type ligand coverage determined from integrating NC-
only NMR spectra, 68 ± 4 per NC, to yield a value of N1 ≈ 10. This value agrees well with 
the value of N1 (11 ± 4) obtained from subtracting N2 from Ntot. 
 
Figure 3.16. (a) Simulations of K1 values for the 2.8 nm PbS NCs using the two-site 
displacement isotherm (Equation 3.11) show shallow curvature when K1 and K2 differ by two 
orders of magnitude (0.076, red trace), and sharp curvature at a difference of four orders of 
magnitude (7.6, blue trace). The variables N1, N2, and K2 were fixed at 11.3, 57, and 7.6·10-4, 
respectively, for all simulated traces. The y-intercept therefore relates to 1/Ntot per the limit of 
the two-site equation as φ approaches zero (Appendix B.3). Datapoints below the y-intercept 
(near y = 14·10-3) result from uncertainty in integrations of the 1H NMR resonances for 
bound and free oleates upon addition of very low concentrations of TMEDA. Additionally, 
the deviation of total oleate ligand coverage from sample to sample contributes to noise in 
the data. (b) A value of K1 (0.76, blue line) three orders of magnitude greater than K2 
(0.00076) simulates the experimental data with good agreement. An estimated error of 0.50 is 
shown by the shaded light blue region, illustrating the overlay of the experimental data with 




 The parameters in Table 3.4 reveal stark differences between NC sizes. For 2.8 nm 
PbS nanocrystals, the 3 orders of magnitude difference in the K1 and K2 values indicate that 
displacement of Pb(OA)2 from B1 is strongly favored over that from B2. Notably, the 
equilibrium constant describing displacement of Pb(OA)2 from the B1 sites is nearly 1, while 
that for B2 is substantially less than 1 (K2 = 7.6·10−4) suggesting that the B1−Pb(OA)2 bond is 
relatively weak compared with the B2−Pb(OA)2 bond. The N1 value of 11 sites governed by 
K1 indicates that only a few sites hosting Pb(OA)2 on the nanocrystal surface are receptive to 
Z-type displacement, while the displacement of Pb(OA)2 is unfavorable for the majority of 
sites (N2 = 57) on the 2.8 nm PbS NCs. In contrast, the values of K1 and K2 are both ≪1 
(1.8·10−2 and 2.0·10−4, respectively) for the 3.9 nm isotherm, indicating that displacement of 
Pb(OA)2 complexes from both types of sites proceeds with a large free energy barrier. 
Moreover, N1 and N2 values for the 3.9 nm NCs differ by a factor of about two, indicating a 
more equal distribution of both types of sites. This observation, together with the smaller 
disparity between equilibrium constants, is consistent with the less abrupt curvature 
qualitatively observed for the 3.9 nm isotherm versus that of the 2.8 nm isotherm. 
3.3.4 Insight into the Size-Dependent Morphology of PbS NCs via Displacement 
Isotherm Analysis 
 
Figure 3.17. Octahedral model ca. 3 nm in diameter (left) and truncated octahedral model ca. 
4 nm in diameter (right). Pb ions are gray spheres and S ions are yellow spheres; (111) lattice 




The quantitative information about the reactivity and distribution of Z-type 
populations provided by the displacement isotherm analysis allows us to “image” the surface 
geometry of PbS nanocrystals proposed to adhere to octahedral (2.8 nm) and truncated 
octahedral (3.9 nm) shapes. The equilibrium constants (K1 = 0.76, K2 = 7.6·10−4) and 
numbers of Bi sites (N1 = 11, N2 = 57) given by the two-site displacement isotherm indicate 
that two distinct chemical environments host Z-type ligands for the 2.8 nm PbS NCs. To 
assign the locations of these sites on the nanocrystal surface, we considered an octahedral 
model approximately 3 nm in diameter (Figure 3.18). In this model, there are 6 Pb ions at the 
vertices, 60 Pb ions along the edges between (111) facets (designated as (111)/(111) edges), 
and 80 Pb ions in the centers of the (111) facets (denoted (111)center). Pb ions residing at the 
vertices are bound to a single S ion, (111)/(111) edge Pb ions are coordinated to two S ions, 
and (111)center Pb ions are bound to three S ions. The K1 value of 0.76 ± 0.50 indicates the 
B1−Pb(OA)2 bond strength is relatively weak, consistent with coordination of Pb(OA)2 to a 
single underlying S ion at the vertex sites. The N1 value for 2.8 nm nanocrystals (N1 =11 ± 4) 
further suggests that the B1 sites are located at the vertices, in agreement with 6 such sites per 
NC in a perfectly octahedral crystal. The number of B2 sites for the 2.8 nm NCs (N2 =57 ± 1) 
is also consistent with our octahedral model, which contains 60 edge sites. We postulate that 
the Pb ions coordinated to two underlying S ions at (111)/(111) edge sites are less strongly 
bound than the three-coordinate (111)center Pb ions. Possibly, the (111)/(111) edge sites also 
provide a more sterically accessible location for TMEDA to penetrate the ligand shell and 
chelate Pb(OA)2 moieties bound to the surface. The equilibrium constant (K2 = 7.6·10−4) 
indicates displacement from the (111)/(111) edge sites is relatively unfavorable; in support, 
van’t Hoff analysis at high concentrations of TMEDA provides large, positive enthalpies of 
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reaction for the L-type promoted displacement of Pb(OA)2 from 2.8 nm PbS nanocrystals 
within the B2 regime (Figure 3.19). 
 
 
Figure 3.18. Van’t Hoff plot of 2.8 nm PbS NC samples equilibrated with three different 
concentrations of TMEDA within the K2 regime. The negative slope corresponds to large, 
positive enthalpies of 23–39 kJ/mol for the reaction in Equation 3.3. Determination of ΔS 
from the y-intercept is associated with a high degree of error, so we interpret only the sign of 
the entropy, which is positive for all samples.  
The outcome of our site assignment restricts all the oleate ligands to PbX2 complexes 
bound to sites at the vertices and edges of an octahedron; this is one extreme of oleates 
binding the NC surface solely as constituents of Z-type complexes. The other extreme, in 
which all oleates bind as X-type ligands, is not consistent with our ICP-MS data supporting 
liberation of Pb(OA)2 species from the NC surface (exclusive L-type binding is also 
inconsistent with Pb(OA)2 displacement; we consider X-type binding due to the 
nonstoichiometric nature of the lattice). Instead, the true distribution of X-type and Z-type 
sites may lie between these two limiting cases. We thus uncover one subtle but important 
limitation of our displacement isotherm analysis. The model does not consider the possibility 
that pure X-type passivants, which remain unreactive toward L-type ligands, may also bind 
the NC surface. Implicit in plotting and deriving the isotherms is the assumption that all 
oleates are components of PbX2 complexes; the y-axis is the reciprocal of bound Z-type 
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ligands per nanocrystal ([NC]/[B−PbX2]). If a portion of the oleate ligands do not bind the 
surface as components of labile Z-type complexes and instead passivate excess charge as 
purely X-type ligands or bind as neutral L-type ligands, these respective binding 
environments could not be deconvoluted from the 1H NMR resonance for bound oleate. 
Thus, we expect that our data reflects the upper bound for the true number of Z-type ligands 
participating in each displacement equilibrium process. For example, we obtained a value of 
11 ± 4 B1 sites on the 2.8 nm PbS NCs, but if the total number of Z-type ligands is effectively 
less than 68 ± 4, we would expect the N1 value (and similarly the N2 value) to decrease 
accordingly to account for the presence of X-type oleates (which would better agree with the 
number of vertices in an octahedron). 
Further complicating the distinction between and deconvolution of pure X-type 
versus PbX2 binding, multiple X-type ligands are predicted to bind PbS NCs, as discussed 
above. In our ∼3 nm octahedral model, the Pb:S ratio is 1.58, which corresponds to an excess 
of 85 Pb ions requiring charge compensation from 170 X-type ligands. However, an average 
of only 137 oleates binds each 2.8 nm NC, which implies that 33 X-type hydroxide ligands 
bind to the NC surface to maintain charge neutrality. These X-type hydroxide groups have 
been proposed to ligate (111)center Pb ions. As the passivation of (111)center Pb ions is not 
consistent with PbX2 binding, we envision that hydroxides and a small portion of purely X-
type oleates bind these sites, possibly through bridging interactions with multiple Pb ions as 
proposed computationally. In further support of our assignment of Z-type ligands to edges 
and vertices (and X-type ligands to facet centers), computational studies on CdSe quantum 
dots and 2D nanoplatelets have shown that a majority of center sites are generally unreactive 
toward L-type ligand displacing agents. 
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For 3.9 nm PbS NCs, the N and K values determined from the two-site displacement 
isotherm analysis inform us that the larger nanocrystals do not have the vertex sites of an 
octahedron (Table 3.4). The numbers of B1 and B2 sites (N1 = 34 ± 5, N2 = 81 ± 6) do not 
agree with the 6 vertex sites in the octahedral model, and the K1 and K2 values are much less 
than 1, meaning displacement of Pb(OA)2 from all Bi sites likely involves multiple Pb−S 
bonds instead of a single Pb−S bond, as for a vertex site. Clearly, these data do not support 
an octahedral morphology but are instead consistent with the truncated octahedral topology 
predicted for PbS nanocrystals of this size. The sites on the truncated crystal lattice which 
bind surface Pb ions differ in two significant ways from the ideal octahedral model 
considered for the 2.8 nm PbS NCs (Figure 3.18). First, the vertex B1 site that hosts Pb(OA)2 
is replaced in a truncated octahedron with a (100) facet comprised of Pb and S ions, which 
can self-passivate, bind L-type oleic acid, or react with air to form PbO, PbSO3,or PbSO4. 
Second, edges emerge at the border between (100) and (111) facets (designated as 
(100)/(111) edges); Pb ions coordinate three S ions here instead of two S ions along the 
(111)/(111) edges. In contrast with the octahedral model, which has three unique binding 
sites, the truncated octahedral model displays four possible binding sites for Z-type ligands. 
The number of unique Bi sites in the 3.9 nm model impedes the explicit assignment of N1 and 
N2 to certain locations on the NC surface. Moreover, the large percentage of hydroxide 
ligands further complicates the assumptions required to effectively employ our binding 
isotherm. Specifically, for the truncated octahedral model in Figure 3.18, 169 excess Pb ions 
require 338 X-type ligands. Experimentally, an average of 222 X-type ligands are oleates, 
necessitating 116 X-type hydroxide ligands to passivate the excess charge predicted by the 
model (34% hydroxide contribution for 3.9 nm NCs vs 19% for 2.8 nm NCs). Further, if both 
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X-type and PbX2 surface species bind the NC surface as considered above for 2.8 nm PbS 
NCs, the X-type contribution is likely to be more prominent for larger sizes due to the drastic 
increase in the number of (111)center Pb ions.  
Taking into account the fit of the 3.9 nm data to the two-site binding isotherm 
assuming all oleates are part of Z-type ligands, we cautiously note that the 34 B1 sites align 
best with the 48 (111)/(111) edge sites shown in Figure 3.18. Likewise, the 72 (100)/(111) 
edge sites in the model best overlay with the 81 B2 sites, but these assignments are both 
unsatisfying. One can envision that the octahedron may be truncated uniformly (all vertices 
are truncated to the same degree) or unevenly (some vertices are truncated to a greater extent 
than others within the same NC). Combined, various degrees of truncation contribute to 
surface heterogeneity by sampling a range of exposed (100) facet surface areas, yet still none 
agree well with the experimental values (Figure 3.20, Table 3.5). While firm assignments of 
the B1 and B2 sites cannot be made, our data importantly and clearly show that the 
distribution of sites for 3.9 nm PbS NCs (N1:N2 = 1:2.4) differs significantly from that for 2.8 
nm PbS NCs (N1:N2 = 1:6), demonstrating that the location of Z-type binding sites on PbS 
NCs is size-dependent. Interestingly, this observation contrasts with the invariant N1:N2 ratio 
observed for CdSe NCs within the same size range; CdSe NCs are not predicted to undergo a 
size-dependent shape transition. Coupled to the N values, the disparity between K1 and K2 for 
the two sizes of NCs further emphasizes that the L-type-promoted Z-type ligand 
displacement reactions are impacted by substantially diverse surface chemistry. The 
equilibrium constants for the 3.9 nm PbS NCs differ by 2 orders of magnitude, whereas K1 
and K2 differ by 3 orders of magnitude for the 2.8 nm PbS NCs. The distinct equilibrium 
processes of the 2.8 nm NCs are consistent with the site-specific reactivity afforded by the 
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octahedral morphology. In contrast, the 3.9 nm PbS NC data is well modeled by the coupled 
two-site isotherm equation, demonstrating that the reactive Z-type surface sites are more 
similar in structural identity than for the 2.8 nm NCs, suggesting displacement of Pb(OA)2 
from the two- or three-coordinate edge sites on a truncated quasi-spherical structure. 
Polydispersity of nanocrystalline size and of facet truncation, variations in ligand coverage 
resulting from error in NMR peak fitting, variations in solvents used for purification 
protocols, and differences in synthetic procedure can obscure the molecular-level picture of a 
single nanocrystal. Nonetheless, the Z-type ligand populations and displacement reactivities 
depend on the sizes of PbS nanocrystals, supporting the predicted shape transition from 










Figure 3.19. Models depicting the range of morphologies for NCs 4.1 nm in diameter. Gray 
spheres are Pb ions and yellow spheres are S ions. The diameters for models 1–8 and the 
models in Figure 3.18 are determined by counting the number of lattice repeats (Pb–S–Pb) 
between opposite vertices (model 1) or opposite (100) facets (models 2–8). The diameter of 
the NC is the number of lattice repeats (n) multiplied by the lattice parameter (a) for bulk 
PbS, 0.593 nm. For models 1–8, there are 7 lattice repeats, yielding a diameter of 4.1 nm. 
The diameters of 2.8 and 3.9 nm obtained experimentally do not perfectly correspond to the 
diameters calculated for the models in Figure 3.18 (3.0 and 4.1 nm) because of the limitation 

















Table 3.5. Pb:S ratios, excess Pb ions, and numbers of each type of site for models 1–8 
depicted above in Figure 3.20, encompassing octahedral (1), truncated octahedral (2–7), and 
cuboctahedral (8) morphologies for PbS NCs. Model 5 is considered in the text. Note: Pb 
ions appearing at the vertex of the (100) facet and two (111) facets are considered 
(111)/(111) edge atoms because the coordination environment is the same as other 
(111)/(111) edge atoms (Pb is coordinated through two Pb–S bonds). 
Model Pb:S 
ratio 





1 1.49 113 6 72 0 120 0 
2 1.40 139 0 84 0 224 0 
3 1.33 157 0 72 24 200 6 
4 1.26 167 0 60 48 216 24 
5 1.21 169 0 48 72 216 54 
6 1.17 163 0 36 96 200 96 
7 1.13 149 0 24 120 168 150 
8 1.10 127 0 12 144 120 216 
 
3.4 Conclusions 
Addition of TMEDA to PbS nanocrystals liberates Z-type Pb(OA)2 ligands from the 
nanocrystal surface, which were detected via 1H NMR spectroscopy, providing quantitative 
information about the number of oleate ligands both bound to large particles and freely 
diffusing as (κ2-TMEDA)Pb(OA)2 complexes. These 1H NMR data collected in parallel with 
ICP-MS data confirm that the stoichiometry of the displaced Z-type complexes is indeed 
Pb(OA)2, enabling assignment of all oleates liberated by L-type agents as constituents of Z-
type ligands. Through titrations of TMEDA into 2.8 and 3.9 nm PbS NCs to liberate the 
surface-bound Pb(OA)2 ligands, we find that each PbS NC surface has two populations of 
Lewis basic sites. The distribution of the numbers of each of these sites (N1 and N2) depends 
on size, indicating that the site-specific reactivity is dependent on NC morphology. Further, 
displacement of Pb(OA)2 complexes from these sites adheres to a dynamic equilibrium, 
wherein values of K1 and K2 differ by 3 orders of magnitude for 2.8 nm PbS NCs and 2 
orders of magnitude for 3.9 nm PbS NCs. By mapping the types of sites onto the ideal 
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topology predicted for each size of the nanocrystal, we have shown that L-type promoted Z-
type displacement occurs at sites that bind Pb(OA)2 through only one or two sulfur ions for 
2.8 nm PbS NCs, supporting an octahedral shape. Although an array of truncated octahedral 
models can reasonably explain the location of each Bi site on 3.9 nm PbS NCs, we propose 
that the labile Z-type ligands are coordinated through more than one sulfur ion due to the 
small displacement equilibrium constants and are thus probably located at edge sites. Z-type 
displacement from three-coordinate (111)center sites appears unlikely for both sets of PbS 
NCs, as the strongly bound Pb ions at these sites host a combination of X-type oleate and 
hydroxide ligands. Our work supports the size-dependent surface faceting of PbS 
nanocrystals, indicating that the precise nature of the sites at the surface of the inorganic 
lattice must be considered alongside sources of heterogeneity including the polydispersity of 
the diameter and variations in native ligand passivation. Quantitative probes that can 
indirectly image the surfaces of quasi-spherical nanocrystals will inform solution-phase 
ligand exchanges by allowing correlation of an atomistic picture of the nanocrystal structure 













CHAPTER 4. UNRAVELING CHANGES TO LEAD SULFIDE NANOCRYSTAL 
SURFACES INDUCED BY THIOLS 
4.1 Introduction 
 Semiconductor nanocrystals (NCs) display attractive, commercially relevant optical 
properties due to the quantum confinement of charge carriers at dimensions smaller than the 
exciton Bohr radius of the material. PbS NCs confined in three dimensions (i.e., spheroids) 
are of particular interest for use in photovoltaic devices, with synthetically tunable band gaps 
spanning the visible and near-infrared regions of the electromagnetic spectrum.126,164–166 
Oleic acid is commonly employed in PbS quantum dot syntheses,4,6 resulting in passivation 
of the metal ions at the semiconductor surface with the long-chain alkyl carboxylate ligand 
oleate which affords colloidal stability and processability. Insulating oleate ligands are 
unfavorable for applications which utilize charge and energy transfer processes, such as 
light-emitting diodes,54,167,168 photovoltaics,169,170 and photocatalysis.171,172 Therefore, ligand 
exchange reactions are commonly employed to post-synthetically modify the NC surface and 
install shorter, conjugated, and/or bidentate ligands that enhance inter-particle electronic 
communication. Often, these ‘exchange ligands’ have surface binding groups distinct from 
the native ligand, such as thiols (thiolates), phosphonates, and amines. 
 Understanding the mechanisms by which native ligands are replaced by exchange 
ligands is of paramount importance, as the molecular-level detail of these mechanisms can 
provide insight into changes to the inorganic core—including changes in coordination 
environment of surface ions and surface restructuring—that accompany changes to the 
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organic shell. Ligand binding at NC surfaces and the reaction mechanisms these ligands 
undergo are typically contextualized within Green’s covalent bond classification.24,173 In this 
framework, X-type ligands donate one electron to covalently bond with a metal ion at the NC 
surface. L-type ligands are Lewis bases that donate two electrons to a metal ion to form a 
dative bond. Z-type ligands are Lewis acids that accept two electrons from a lattice-based 
chalcogenide ion; Z-type ligands can simultaneously be considered as an MXn species (a 
metal Mn+ cation complexed with nX-type anions). Pure X-type exchange with an XH ligand 
proceeds through protonation of a surface-bound oleate, resulting in a bound X− ligand and a 
free oleic acid. The boundexchange:freenative ligand ratio for pure X-type exchange is 
therefore 1:1. Next, L-type binding to an underpassivated surface ion does not displace native 
oleate ligands, and results in a ligand ratio of 1:0 boundexchange:freenative. The L-type promoted 
Z-type ligand displacement mechanism is more nuanced and can proceed through two 
pathways. Sterically bulky L-type reagents, such as N,N,Nʹ,Nʹ-tetramethylethane-1,2-diamine 
(TMEDA), have been demonstrated to remove a Z-type ligand without simultaneous L-type 
binding to the surface. This ligand ratio equals 0:2 boundexchange:freenative for displacement of 
a Z-type ligand with an MX2 composition. With a less bulky L-type reagent, L-type 
coordination to a surface ion can promote dissociation of a nearby Z-type ligand, represented 
by a ligand ratio of 1:2 (or 0.5:1). 
 Recent literature reports suggest three different reactions may occur upon the addition 
of thiol-terminated ligands to oleate-capped NCs, including X-type exchange with 
native oleate ligands,174–176 L-type binding to undercoordinated surface ions,39,177 and L-
type promoted Z-type ligand displacement.129,141,176 For example, Yao and Buhro recently 
concluded that both L-type thiol and X-type thiolate binding occur on CdSe quantum belts, 
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stating that CdSe lattices with >1:1 metal:chalcogenide ratios are likely to bind thiolates due 
to charge compensation requirements.58 Lystrom et al. used density functional theory 
computations to show that the NC–thiolate bond on CdS NCs is much stronger than the NC–
thiol interaction, with NC–thiol species dissociating to share the proton between the thiolate 
ligand and Lewis basic sites on the NC surface.178 On PbS NC surfaces, Shestha et al. found 
evidence for displacement of Z-type ligands upon thiol addition based on ICP-MS detection 
of dissociated Pb species in the reaction supernatant compared against a control study in 
absence of added thiol.129 Additionally, Weinberg et al. inferred Z-type displacement coupled 
with L-type binding to the surface upon reaction of PbS NCs with fluorinated alkanethiols 
from NMR quantification of bound and free species, wherein liberated oleate species 
outnumbered bound thiol species with a >2:1 ratio.176  
 These literature reports suggest that multiple reaction mechanisms occur upon 
addition of thiols to oleate-capped NCs, yet deconvolution of simultaneous reaction 
mechanisms has not yet been extensively considered. Moreover, with the potential for 
multiple reactions to occur in parallel, substantial changes to the surface of the inorganic core 
are predicted. Thus, in this work we have sought to disentangle the convoluted reaction 
mechanisms, as well as the accompanying changes to the nanocrystal surface, that occur 
when thiol-terminated ligands are added to PbS NCs. Insight into the mechanisms of ligand-
based reactions can be achieved through careful spectroscopic studies with chemical probes, 
and here we apply a suite of these tools to gain a molecular-level illustration of surface 
dynamics and restructuring upon the addition of thiols. 
 We selected the thiol exchange ligand undec-10-ene-1-thiol (UDT) to identify and 
deconvolute the reaction mechanisms discussed above (Scheme 4.1). UDT has 1H NMR 
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spectroscopic handles in the terminal alkene group (Hb and Hc, Hd) that are easily 
distinguished from the bound and free resonances of native oleate (Ha, Haʹ) (Scheme 4.1). 
Through comparison of NMR and ICP-MS data, we show that Z-type displacement with 
concomitant L-type thiol binding occurs primarily at low amounts of added UDT (<100 
equiv. per NC), followed by additional L-type UDT binding as well as X-type displacement 
of oleic acid at higher equivalents of exchange ligand added. Subsequent chemical reactivity 
of mixed-ligand UDT/oleate-capped PbS NCs with X-type and L-type reagents indicate 
bound UDT ligands are not readily displaced, providing insight into the specific sites that 
UDT ligands bind. With these data, we propose using an octahedral PbS NC model ~2.8 nm 
in diameter a unified picture for all three ligand-based reaction mechanisms. 
Scheme 4.1. Ligand-based reaction mechanisms upon addition of UDTa   
  
aOleate passivation of surface Pb ions is drawn to convey ligand reactivity at a variety of 
native sites; charge compensation of surface Pb2+ ions by either ligands or lattice 





4.2.1 General Considerations 
Solvents used for purification of NCs and UV−Visible-NIR absorbance 
measurements including benzene, acetone, pentane, acetonitrile, and toluene were purchased 
from Fisher Scientific and VWR. Toluene used for gel permeation chromatography was dried 
over an alumina column and dispensed from a dry argon-atmosphere solvent system (Pure 
Process Technologies) then dried over activated 3 Å molecular sieves for at least 24 hours in 
an N2-filled glovebox before use. Benzene-d6 and toluene-d8 were purchased from 
Cambridge Isotope Laboratories. Lead(II) oxide (99.999%), oleic acid (OA) (90%), 1-
octadecene (ODE) (90%), and ferrocene (98%) were purchased from Sigma Aldrich and used 
as received. Bis(trimethylsilyl) sulfide ((TMS)2S) (≥ 98%) was purchased from Sigma 
Aldrich and stored under N2. N,N,N′,N′-Tetramethylethane-1,2-diamine (TMEDA) (99%, 
Acros Organics) was stored under N2. Undec-10-ene-1-thiol (UDT) was synthesized as 
described previously,39 stored in a −40 °C freezer, and regularly checked for disulfide 
formation via 1H NMR spectroscopy. Lead oleate was synthesized according to the 
procedure described in Hendricks et al.6 Bio Beads S-X1 solid chromatography support was 
purchased from Bio-Rad, dried under vacuum for 23 hr, and stored in an N2-filled 
glovebox.179,180 18 MΩ NERL Reagent Grade Water was purchased from Thermo Scientific 
and used for ICP-MS sample preparation. 
4.2.2 Synthesis and Purification of PbS NCs 
Standard Schlenk line techniques were utilized to maintain an inert atmosphere 
during the synthesis of PbS NCs. A modified version of the procedure established by Hines 
and Scholes was followed.4,21 Lead(II) oxide (0.90 g, 4 mmol), oleic acid (2.54 mL, 8 mmol), 
and ODE (35 mL) were combined in a 100 mL three-neck round bottom flask and stirred 
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under vacuum at 95 °C for 2 h. The mixture was then heated to 120 °C under N2 atmosphere 
to yield a clear and colorless solution. Simultaneously, (TMS)2S (0.42 mL, 2 mmol) and 
ODE (4 g) were combined in a 25 mL pear-shaped flask under inert atmosphere. The 
(TMS)2S mixture was injected rapidly into the Pb(OA)2 solution at 100 °C. The reaction 
proceeded for 2.5 min at 95 °C, during which time the solution turned dark brown. The 
reaction vessel was removed from the heating mantle and the NC solution was quenched by 
immersion first in a room temperature oil bath then an ice bath for 6 min each. 3 mL of the 
NC mixture were diluted with 1 mL toluene and then 9 mL of acetone were added to 
precipitate out the NCs. The mixture was then centrifuged at 8500 rpm for 10 min. After 
decanting the supernatant, the NCs were resuspended in ca. 3 mL pentane and precipitated by 
addition of 8 mL acetone followed by centrifugation. Four more total precipitation–
centrifugation cycles were carried out with alternating 2 mL pentane or toluene and 8 mL 
acetone. The PbS NCs were isolated from pentane by evaporation under N2 stream, yielding 
1.1 g of NCs. The NCs were stored as a solid in an N2-filled glovebox.  
4.2.3 Preparation of GPC Column 
4 g of Bio-Beads were soaked in dry toluene overnight in an N2-filled glovebox 
before transferring to a glass column 25 cm in length and 1.3 cm in diameter, equipped with 
a coarse frit and a 100 mL solvent reservoir. Toluene (ca. 50 mL) was rinsed through the 
column until no free polystyrene was detected in the eluent via UV-Visible absorption 
spectroscopy.181  
4.2.4 Gel Permeation Chromatography Purification of Ligand-Reacted NCs 
NCs reacted with UDT were purified via GPC as described by Shen et al.181 NCs 
were rinsed from NMR tubes into scintillation vials with toluene and acetone, dried via 
rotary evaporation, then brought into an N2-filled glovebox for GPC purification. First, the 
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sample of NCs was dissolved in minimal toluene (~1 mL), loaded onto the column, and 
allowed to flow until just under the surface of the Bio-Beads. Minimal toluene was then used 
to rinse the sides of the column and allowed to flow through. Next, an additional 15 mL of 
toluene was added to elute the NCs in a ca. 2 mL dark brown band. Finally, 50 mL of toluene 
was used to elute the free ligand from the column and was collected in a 150 mL round 
bottom flask. The free ligand eluent was removed from the glovebox and concentrated via 
rotary evaporation, transferred to a scintillation vial with minimal toluene, and dried once 
more via rotary evaporation until further characterization. 
4.2.5 UV-Visible-NIR Absorbance Measurements 
UV-Visible-NIR absorbance spectra of free ligand eluents were collected on an 
Agilent Cary 5000 (double-beam mode) spectrophotometer by dissolving the eluent in 1.0 
mL of toluene and transferring 0.6 mL of the eluent solution into a 2 mm path length cuvette. 
The sample was recovered for additional characterization by rinsing the cuvette 3× with 
toluene into the vial used to prepare the sample. UV-Visible-NIR spectra of as-synthesized 
NCs and of NC eluents post-GPC were collected on an Agilent Cary 60 spectrometer in 
benzene or toluene. Nanocrystal concentrations were calculated from the absorbance value at 
400 nm using the ε400 value determined from the method of Moreels et al.136  
4.2.6 1H NMR Spectroscopy Studies 
NMR samples were prepared by calculating the concentration of PbS NC stock 
solutions after measuring the absorbance of 10 μL of PbS NC stock solution in 3.0 mL of 
benzene or toluene. A calculated volume of stock solution was diluted with benzene-d6 or 
toluene-d8 to obtain a concentration of 50 μM NCs in 590 μL. An internal standard solution 
of ferrocene was prepared by dissolving ca. 10 mg in 1.0 mL of benzene-d6 or toluene-d8, 
then 10 μL of this solution was added to each NMR tube. A solution of UDT in benzene-d6 
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or toluene-d8 was then prepared and aliquots of 20, 50, 100, 200, or 500 eq. per NC added to 
the NMR samples. After UDT addition, the samples were allowed to equilibrate for 30 min 
before collecting spectra. Spectra were collected on a Bruker 600 MHz spectrometer with a 
30 s d1 delay time and 8 scans.  
4.2.7 Infrared Spectroscopy 
FTIR measurements were collected using a Bruker Alpha I FTIR in ATR mode with a 
diamond crystal using a resolution of 4 cm−1 with 24 scans. Samples of 100 µM PbS NCs in 
toluene with added aliquots of a UDT stock solution were reacted for 3 hr, dropcast in air 
onto the crystal, and dried completely before collecting the measurement. 
4.2.8 X-ray Photoelectron Spectroscopy 
Au-coated silicon wafers were fabricated using a KJ Lesker sputter coater. Wafer 
pieces were sonicated in ethanol and dried under an air stream prior to dropcasting PbS NCs 
in pentane. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis 
Ultra DLD system with a monochromatic Al Kα X-ray source and a base pressure of ~6·10-9 
torr. Survey and high-resolution scans were obtained with pass energies of 80 and 20 eV, 
respectively. A charge neutralizer was used, and all spectra were corrected to the C 1s peak at 
284.6 eV. Data was analyzed in the Kratos Vision Processing software, and Shirley 
backgrounds were used. 
4.2.9 Transmission Electron Microscopy 
TEM analysis was conducted using a Thermo Scientific Talos F200X S/TEM at an 
accelerating voltage of 200 kV. The imaging was done in both TEM and Scanning TEM 
(HAADF) mode. Samples were prepared by dropcasting dilute solutions of NCs in pentane 
onto 400 mesh lacey carbon grids (Ted Pella, Inc.). Samples were dried overnight under 
vacuum at room temperature. Images were analyzed using ImageJ software.  
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4.2.10 ICP-MS Measurements 
Ligand eluent samples were carefully rinsed into scintillation vials after UV-Visible-
NIR and NMR characterization, dried under air stream, then heated in a box furnace at 450 
°C for 30 min to pyrolyze the organics. The contents of the scintillation vials were digested 
overnight in 0.5 mL HNO3 (TraceMetal grade, Fisher Chemical). The samples were each 
rinsed into a 10 mL volumetric flask with 2% HNO3 in 18 MΩ water, and transferred to a 15 
mL centrifuge tube. Samples were diluted by 1000× to obtain a concentration of Pb within 
the confines of the calibration curve.  
Lead analyses were performed on an Agilent 7900 ICP-MS in a He collision cell 
mode. The instrument was tuned with a solution containing 1 ppb of 7Li, 59Co, 89Y, 140Ce, 
and 205Tl. Calibration standards were prepared from appropriate dilutions of a 10 ppm multi-
element standard in 5% HNO3 (v/v) (Spex CertiPrep, 2A). An internal standard of 209Bi was 
used to correct for shifts in the analyte signal intensity during the analysis run. The 
calibration was verified using a NIST traceable second source standard, CRM-TMDW-A 
from High Purity Standards.   
4.3 Results 
4.3.1 PbS Nanocrystal Characterization 
Oleate-capped PbS NCs were synthesized via the method of Hines and Scholes4 and 
purified using aprotic antisolvents, taking care to avoid alcohols that may promote Z-type 
ligand displacement or engage in X-type exchange with native oleate ligands.114,134 The 
excitonic absorption maximum (λmax = 859 nm) identified via UV-Visible-NIR absorption 
spectroscopy corresponds to a diameter of 2.8 nm via the empirical sizing curve of Moreels 
et al (Figure 4.1).136 The diameter calculated from UV-Visible-NIR absorption spectroscopy 
agrees with the average size determined by STEM image analysis (Figure 4.2). We expect 
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that NCs of 2.8 nm in diameter are primarily octahedral in morphology based on previous 
experimental studies of the size-dependent morphology of PbS NCs.21 X-ray photoelectron 
spectra of the as-synthesized PbS NCs indicate that the Pb:S ratio is 1.91 ± 0.02. The Pb-rich 
composition is consistent with a NC surface constituted by the Pb-terminated {111} facets 
expected for octahedral NCs—anionic X-type oleate ligands are predicted to dominate in 
order to attain charge neutrality in nonpolar solvents. The total ligand coverage is 124 ± 3 
oleates per NC, determined from 1H NMR spectroscopy (Figure 4.3). To investigate the 
reactivity of the native oleate-capped PbS NC surface proceeding through various 
mechanisms, we carried out spectroscopic titrations with UDT. 
 
Figure 4.1. UV-Visible-NIR absorption spectrum of PbS NCs in benzene. The maximum 










        
Figure 4.2. a) STEM image of 2.8 nm PbS NCs. b) Histogram of PbS NCs using 496 
particles. The Gaussian distribution yields an average diameter of 2.83 ± 0.28 nm.  
 
 
Figure 4.3. 600 MHz 1H NMR spectrum of 2.8 nm oleate-capped PbS NCs in toluene-d8. 
The alkene resonance highlighted by the inset was used for oleate ligand quantification and is 
best fit to two peaks. The large downfield peak at 5.65 ppm corresponds to the bound oleate 
and the smaller, upfield peak is attributed to initial “free” oleate. The peak at 4.0 ppm is 
ferrocene, the peak near 0.5 ppm is residual water, and the sharp feature at about 0.3 ppm is 
attributed to grease.   
4.3.2 Titration of Thiol into PbS NCs 
Convoluted mechanisms can be elucidated by combining analytical techniques to 




concentrations. First, the titration of UDT into oleate-capped PbS NCs was analyzed using 
1H NMR spectroscopy (Figure 4.4). The solvent toluene-d8 was employed to exploit 
aromatic solvent-induced shifting, wherein 1H NMR resonances for NC-bound ligands and 
freely diffusing species differ by ca. 0.2 ppm. Upon titration with UDT, the bound oleate 
signal at 5.7 ppm (Ha, Haʹ) decreases in intensity concomitant with an increase in the free 
oleate signal (herein the free species are referred to as ‘oleate’; oleic acid may be present if 
UDT protonates a bound oleate during X-type exchange). The free oleate resonance 
gradually shifts upfield toward 5.5 ppm throughout the titration, a transition indicative of 
dynamic, chemical exchange between the bound and free states.38,138,182 In addition to 
monitoring the oleate resonances, the terminal alkene signals corresponding to bound UDT 
emerge at ca. 6.0 and 5.1–5.2 ppm for the Hb and Hc, Hd protons, respectively (Scheme 4.1, 
Figure 4.4). With 20 equiv. UDT added, all UDT is bound to the NCs; beginning at 50 
equiv. UDT, free UDT resonances are observed at ca. 5.8 ppm (Hb) and 5.0 ppm (Hc, Hd). In 
contrast to the free oleate peak, the free UDT signals do not shift upfield as the titration 
progresses. Further, the free UDT resonances display sharp, resolvable splitting patterns 
consistent with those of pure UDT in absence of NCs (Figure 4.5). These observations 





Figure 4.4. 600 MHz 1H NMR spectroscopic titration of up to 500 equiv. UDT into 2.8 nm 
oleate-capped PbS NCs in toluene-d8.  
 
Figure 4.5. 600 MHz 1H NMR spectrum of undec-10-ene-1-thiol in toluene-d8. The impurity 
at 0.3 ppm is attributed to grease. Peaks denoted by ‡ are toluene solvent residuals. 
The titration in Figure 4.4 qualitatively suggests that UDT induces either X-type 
exchange of native oleates for bound thiolates, or promotes Z-type Pb(oleate)2 displacement 
with concomitant L-type thiol binding. NMR spectra recorded as the structurally similar 
carboxylic acid undec-10-enoic acid (UDA) is titrated into oleate-capped PbS NCs 
demonstrated shifting of both free oleate and free UDA peaks, consistent with a dynamic X-






titration with UDT does not itself confirm an X-type exchange equilibrium, as gradual 
upfield shifting of the free oleate peak has also been observed upon liberation of an L-type-
chelated Z-type species, (κ2-TMEDA)Pb(oleate)2, from PbS NC surfaces.21 Furthermore, 
ligand exchanges must be reversible to be considered equilibrium processes. 
 To probe whether the bound UDT ligands are in equilibrium with free oleate species, 
we titrated oleic acid into a sample of PbS NCs isolated after reaction with 200 equiv. UDT 
(Figure 4.6). Addition of up to 200 equiv. oleic acid resulted in no change to the bound UDT 
and free UDT NMR integrations (Table 4.1). Thus, we determined that bound UDT species 
do not undergo reversible X-type exchange with oleic acid. This may result from UDT 
binding as a thiol versus thiolate ligand, as L-type thiol ligands would not undergo X-type 
exchange. Alternatively, the Pb–S bond may be stronger than the Pb–O bond: the softer 
Lewis base of the thiolate anchoring group may form a stronger bond with soft surface Pb 








Figure 4.6. 600 MHz 1H NMR spectroscopic titration in benzene-d6 of up to 200 equiv. oleic 
acid into PbS NCs previously exchanged with 200 equiv. UDT and isolated via precipitation–
centrifugation. 
Table 4.1. Bound and free ligands per NC of up to 200 equiv. oleic acid into PbS NCs 
previously exchanged with 200 equiv. UDT and isolated via precipitation–centrifugation. 
Equiv. OA 
Added per NC 
Bound oleate Free oleate Bound UDT Free UDT 
20 51 25 37 12 
50 55 60 35 14 
100 53 115 33 14 
200 50 237 36 15 
 
An X-type exchange equilibrium between bound UDT and added oleic acid does not 
occur; the peak shifting of the free oleate species instead may indicate other types of 
reactivity such as Z-type displacement coupled with L-type thiol binding or irreversible X-
type displacement. Quantitative analysis of the NMR titration by integrating the bound and 
free ligand peaks in the alkene region against an internal standard (Table 4.2, Figure 4.7) 
provides deeper insight into these reaction mechanisms. As UDT is titrated into PbS NCs (0–
500 equiv., Figure 4.8a), the number of free oleate species is greater than the number of 
118 
 
bound UDT ligands for all but the 500 equiv. point. Figure 4.8b shows that the bound 
UDT:free OA ligand ratio is slightly less than 0.5:1 for the addition of 20 equiv. UDT. 
Interpreted out of context, this exchange ratio suggests pure Z-type displacement of 
Pb(oleate)2 with concomitant L-type thiol binding to the NC surface—the broad UDT 
resonances in the NMR spectrum are consistent with binding to the surface rather than 
stabilizing the free Pb(oleate)2 species. The bound UDT:free oleate ligand ratio gradually 
increases over the course of the titration, ending near 1:1 with 500 equiv. UDT added. In 
isolation, a ~1:1 ligand ratio supports pure X-type reactivity, which would proceed through 
an irreversible X-type displacement mechanism instead of an X-type exchange equilibrium, 
as discussed above. However, instead of disparate reaction mechanisms occurring at the start 
and end points of the titration, the nonlinear relationship illustrated in Figure 4.8b suggests a 
convolution of reaction mechanisms, which cannot be extracted by 1H NMR spectroscopic 
titrations alone. 
Table 4.2. Bound and free ligands per NC during in situ titration reaction with UDT for 
triplicate samples. 
Equiv. UDT 







Free UDT Bound 
UDT:Free 
oleate Ratio 
20 88 ± 1 43 ± 2 17 ± 1 1.0 ± 0.2 0.40 ± 0.03 
50 64 ± 4 78 ± 1 43 ± 1 2 ± 0.3 0.56 ± 0.02 
100 42 ± 5 95 ± 5 72 ± 4 21 ± 2 0.75 ± 0.037 
200 27 ± 3 100 ± 2 95 ± 1 99 ± 8 0.95 ± 0.0087 
500 12 ± 0.2 112 ± 4 120 ± 8 327 ± 31 1.06 ± 0.089 
aFree oleate values were corrected by subtracting the free oleate present in the NC only 






































Figure 4.7. 600 MHz 1H NMR spectrum of 50 µM oleate-capped PbS NCs reacted with 100 
equiv. of UDT in situ in toluene-d8 showing an example of peak fitting. Fitted peaks are 
shown by blue curves, the pink trace is the sum of the fitted peaks, and the red trace near the 
baseline is the fit residual. Integrations of the peaks were summed appropriately for each 
bound and free species and converted to ligand/NC by comparison against a known amount 
of ferrocene standard in solution.  
 
Figure 4.8. a) Bound UDT, free oleate, and bound oleate ligands integrated from 1H NMR 
resonances throughout titration with up to 500 equiv. UDT. Lines are provided to guide the 
eye, and error bars reflect the standard deviation of triplicate titrations. b) Bound UDT to free 
oleate ligand ratios calculated from the number of each given in panel a. 
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4.3.3 Z-type Displacement Induced by Surface Binding of Thiols 
As <1:1 bound UDT:free oleate ligand ratios suggest liberation of Z-type Pb(oleate)2 
coupled with L-type ligand binding of UDT to the NC surface, we sought to determine 
whether the free oleate species observed via NMR spectroscopy was Pb(oleate)2 versus oleic 
acid. To deconvolute the Z-type reactivity occurring during the titration with UDT 
(henceforth termed in situ reactivity) from other ligand reaction mechanisms, we followed 
the procedure developed previously for studying the displacement of Z-type Pb(oleate)2 by 
the reagent TMEDA.21 First, quantitative 1H NMR spectra were collected of the in situ 
species for comparison with subsequent separated products. We then isolated the oleate 
species liberated during in situ reactions with UDT through separation techniques, and finally 
quantified the Pb content of these species via ICP-MS. 
Initial attempts using precipitation–centrifugation as a separation method to collect 
free Z-type ligands in the supernatant and PbS NCs as a precipitate were unsuccessful (Table 
4.3, Figure 4.9). We found that an alternative separation technique, gel permeation 
chromatography (GPC), reproducibly yielded two separated species and avoided disruption 
of the NC–ligand equilibria from antisolvents by maintaining the solvent environment of the 
in situ reaction. GPC is a size exclusion technique that separates products on basis of 
different molecular masses, wherein large NCs elute quickly, and small organic molecules or 
inorganic complexes elute more slowly (Figure 4.10a).184 GPC has previously been 
employed as a purification technique after NC synthesis to remove excess solvent45,185,186 or 
to carry out ligand exchange procedures by loading the column with an exchange ligand 
before adding NCs.186,187 Each of these studies primarily focused on post-GPC 
characterization of the NC product. In contrast, the purpose of using GPC in this work is to 
separate UDT-reacted NCs from free ligand and quantitatively characterize both components, 
121 
 
with emphasis on the free ligand fraction. In practice, this was achieved by loading control 
samples of NCs in absence of UDT as well as samples of NCs reacted with four different 
amounts of UDT—20, 50, 100, and 200 equiv. per NC—onto a GPC column using toluene as 
the mobile phase. The NC fraction eluted in a 2 mL band and was collected in a vial for 
NMR spectroscopic characterization (Figure 4.10b). The subsequent 60 mL of toluene 
containing free ligand was eluted from the column into a round bottom flask and dried via 
rotary evaporation for further analysis via NMR and UV-Visible-NIR absorption 
spectroscopies, and ICP-MS to quantify Pb concentration. 
 
Figure 4.9. 600 MHz 1H NMR spectra in benzene-d6 of oleate-capped PbS NCs reacted with 
200 equiv. of UDT and purified via precipitation–centrifugation in triplicate. Variation in the 
oleate peak, a significant portion of free UDT species, and differences in the relative portions 
of bound ligands between samples indicate poor separation of NCs and free species via 
precipitation–centrifugation. To overcome these problems, gel permeation chromatography 










Table 4.3.  Bound and free ligands quantified by NMR spectroscopy for reaction of NCs 
with 20, 50 and 200 equiv. UDT followed by purification by precipitation–centrifugation. 













Disulfide/NC Free Pb 
Ions/NCb 
20 (1) 61 17 0 1 1 11 
20 (2) 72 5 0 1 1 4 
20 (3) 74 2 0 1 1 33 
       
50 (1) 77 10 17 5 3 13 
50 (2) 73 8 9 5 3 14 
50 (3) 73 5 5 6 3 18 
       
200 (1) 51 0 29 11 5 16 
200 (2) 27 16 52 14 7 31 
200 (3) 50 0 40 11 5 10 
aFree UDT values were not corrected for disulfide present.  
 
 
Figure 4.10. a) Purification of UDT-reacted PbS NCs via gel permeation chromatography. b) 
Characterization methods used to study the NC eluent and free ligand eluent after GPC 
purification. 
 Purification of UDT-reacted PbS NCs using GPC resulted in good separation of the 
NCs from free UDT. Only ~1 free UDT ligand and minor disulfide impurities were observed 
in the 1H NMR spectra of eluted ligand-exchanged NCs (Figure 4.11). In addition, 
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separation of the free oleate species (dissociated Z-type Pb(oleate)2 or oleic acid liberated 
after X-type exchange) from the NCs led to consistent quantities of free oleate for replicate 
samples at all concentrations of UDT. The 0 equiv. UDT control study and the 20 equiv. 
UDT dataset showed little change in the bound oleate feature before and after GPC 
purification (Table 4.4, Figure 4.12, Figure 4.13). However, the NMR peak ascribed to free 
oleate species during in situ reaction with 50–200 equiv. UDT exhibited marked changes 
upon GPC purification (Figures 4.14, 4.15, 4.16). While a portion of the free oleate species 
(Pb(oleate)2 and oleic acid) are collected in the ligand eluent fraction, a second population of 
free oleate remains in the eluted NC fraction. When comparing the NMR spectra before and 
after the GPC column, we observed that the spectrum of the GPC-purified NC product 
displays an asymmetric oleate feature best fit to two overlapping peaks at 5.65 and 5.58 ppm 
(Figure 4.11a). The position of the upfield oleate peak is situated between the downfield 
oleate resonance at 5.65 ppm and the free oleate peak at 5.50 ppm observed in situ with UDT 
(Figure 4.11b). This observation suggests that a portion of the oleate species liberated upon 
addition of UDT remains in dynamic exchange with the NC surface, and rebinds to the NC 
during GPC purification. Addition of TMEDA to post-GPC NC samples confirms that this 
free oleate species is Z-type Pb(oleate)2. This Z-type species at 5.65 ppm is considered bound 
oleate in Table 4.4; assignment of the species as bound or free does not impact the 




Figure 4.11. a) 600 MHz 1H NMR spectrum of 50 μM PbS NCs in toluene-d8 after GPC 


















Table 4.4. Ligand quantification using integrated 1H NMR signals for in situ and post-GPC 
NCs as well as free ligand eluents for 0, 20, 50, 100, and 200 eq added UDT.  









NC only (0 eq UDT) 128 ± 5 7 ± 1 - - - 
Post-GPC NCsa 108 ± 6 - - 0.5 ± 0.2 - 
Ligand Eluenta - 11 ± 3 - 2 ± 1 - 
      
NC only 122 ± 1 8 ± 2 - - - 
20 eq UDT in situ 98 ± 3 47 ± 3 17 ± 1 1 ± 0.2 - 
Post-GPC NCs 100 ± 6 - 15 ± 1 - 1.3 ± 0.6 
Ligand Eluent - 23 ± 2 - 1 ± 2 0.9 ± 0.1 
      
NC only 124 ± 3 10 ± 2 - - - 
50 eq UDT in situ 57 ± 3 85 ± 4 49 ± 2 3 ± 1 0.3 ± 0.1 
Post-GPC NCs 70 ± 1 - 41 ± 2 1 ± 0.5 - 
Ligand Eluent - 49 ± 1 - - 2 ± 0.1 
      
NC only 124 ± 1 10 ± 1 - - - 
100 eq UDT in situ 38 ± 3 104 ± 1 76 ± 1 26 ± 1 0.4 ± 0.02 
Post-GPC NCs 54 ± 1 - 59 ± 2 1 ± 0.2 0.7 ± 0.2 
Ligand Eluent - 68 ± 2 - 17 ± 1 4 ± 1 
      
NC only 123 ± 3 5 ± 1 - - - 
200 eq UDT in situ 21 ± 1 107 ± 1 97 ± 1 106 ± 1 0.8 ± 0.04 
Post-GPC NCs 46 ± 1 - 73 ± 3 1.2 ± 1.1 0.9 ± 0.2 
Ligand Eluent - 75 ± 4 - 65 ± 14 4 ± 1 
aSummation of the bound ligands in the post-GPC rows and the free ligands in the ligand 
eluent rows generally underestimate the total amount of ligand expected from both the NC 
only and in situ rows. Discrepancies in conservation of number of ligands may result from 
minor loss of material each time the samples are transferred for characterization as well as 





Figure 4.12. 600 MHz 1H NMR spectra in toluene-d8 of oleate-capped PbS NCs (red), and 
NCs post-GPC purification (blue). Peaks denoted by ‡ are toluene solvent residuals, and the 
peak marked by * is the internal standard ferrocene. The peaks at ca. 0.5 and 0.3 ppm are 
minor H2O and grease impurities, respectively.  
 
Figure 4.13. 600 MHz 1H NMR spectra in toluene-d8 of oleate-capped PbS NCs (red), 20 
equiv. UDT in situ (green), and NCs post-GPC purification (blue). Peaks denoted by ‡ are 
toluene solvent residuals, and the peak marked by * is the internal standard ferrocene. The 
peaks at ca. 0.5 and 0.3 ppm are minor H2O and grease impurities, respectively. 
‡ ‡ * 




Figure 4.14. 600 MHz 1H NMR spectra in toluene-d8 of oleate-capped PbS NCs (red), 50 
equiv. UDT in situ (green), and NCs post-GPC purification (blue). Peaks denoted by ‡ are 
toluene solvent residuals, and the peak marked by * is the internal standard ferrocene. The 
peaks at ca. 0.5 and 0.3 ppm are minor H2O and grease impurities, respectively. 
 
Figure 4.15. 600 MHz 1H NMR spectra in toluene-d8 of oleate-capped PbS NCs (red), 100 
equiv. UDT in situ (green), and NCs post-GPC purification (blue). Peaks denoted by ‡ are 
toluene solvent residuals, and the peak marked by * is the internal standard ferrocene. The 
peaks at ca. 0.5 and 0.3 ppm are minor H2O and grease impurities, respectively.  
‡ * 





Figure 4.16. 600 MHz 1H NMR spectra in toluene-d8 of oleate-capped PbS NCs (red), 200 
equiv. UDT in situ (green), and NCs post-GPC purification (blue). Peaks denoted by ‡ are 
toluene solvent residuals, and the peak marked by * is the internal standard ferrocene. The 
peaks at ca. 0.5 and 0.3 ppm are minor H2O and grease impurities, respectively. 
As anticipated, the number of UDT ligands bound to the NCs increases with 
increasing equiv. added UDT both in situ and after GPC purification. Interestingly, nearly 20 
additional UDT ligands bind to the NC surface during in situ reaction with 200 equiv. UDT 
(97 ± 1 bound UDT/NC) compared with 100 equiv. UDT (76 ± 1 bound UDT/NC). 
However, between the in situ 100 equiv. and 200 equiv. UDT additions, only ~3 additional 
oleate species were liberated (104 ± 1 to 107 ± 1 free oleate/NC). Also, comparing the 
number of bound UDT ligands in the in situ reaction with 100 and 200 equiv. UDT (76 ± 1 
and 97 ± 1) with the number of bound UDT ligands after GPC purification (59 ± 2 and 73 ± 
3) indicates a loss of bound UDT ligands as the NCs travel through the column. All of these 
observations may be rationalized by considering L-type binding of thiols. Evidently, a 
substantial contribution of L-type UDT binding without concomitant Z-type Pb(oleate)2 
displacement occurs at higher amounts of added UDT (e.g., binding ~20 UDT ligands yet 
‡ * ‡ 
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displacing ~3 oleate species between 100 and 200 equiv. UDT added in situ). Presumably, a 
loss of bound UDT signal after GPC purification indicates that the binding equilibrium of 
these L-type ligands is relatively weak, consistent with L-type thiol versus X-type thiolate 
binding.58,178   
1H NMR spectra of the ligand eluent fractions collected from the GPC column show 
an increase in free oleate species from 11 ± 3 in the control samples to 75 ± 4 in the 200 
equiv. UDT samples, though the NMR spectra alone cannot distinguish between oleic acid or 
Pb(oleate)2 species. Almost no free UDT is present in the ligand eluents for the 0, 20, and 50 
equiv. UDT samples, yet significant free UDT (17 ± 1 and 65 ± 14) is present for the 100 and 
200 equiv. UDT samples, respectively. Intriguingly, the ligand eluent fractions at 100 and 
200 equiv. UDT appear yellow when concentrated; all other samples are colorless (Figure 
4.17). The yellow appearance is consistent with the color observed when >0.5 equiv. UDT is 
added to independently synthesized Pb(oleate)2—qualitatively, this suggests that Pb is 
present in the ligand eluents of the 100 and 200 equiv. samples (Figure 4.18). However, two 
sources of Pb are possible: PbS NCs and liberated Pb(oleate)2 species. To detect if the Pb 
present in the ligand eluents can be attributed to NCs, UV-Visible-NIR absorption spectra 
were collected (Figure 4.19). Excitonic features at absorbance values less than 2·10-3 were 
apparent in most spectra, indicating some NCs are present. Estimation of the PbS NC 
concentration using the absorption value at 400 nm indicates that NCs in the ligand eluent 





Figure 4.17. Concentrated free ligand eluents in scintillation vials. From left to right: 0, 20, 
50, 100, and 200 equiv. UDT added. The 100 and 200 equiv. ligand eluents are visibly 
yellow while 0, 20, and 50 equiv. UDT samples are clear and colorless. 
 
 
Figure 4.18. Pb(oleate)2 reacted with 0.5, 1, 2, 5, 20 and 100 equiv. of UDT (left to right) in 
400 µL of toluene and dried via evaporation over 48 hours. All samples are visibly yellow 





Figure 4.19. a) Using the A400 value to roughly estimate the concentration of NCs in the 
ligand eluent, we ascribe ~1–3 Pb ions per NC in the ICP-MS data to NCs rather than 
dissociated Pb(oleate)2 species. b) Full UV-Visible-NIR spectra of ligand eluents before 
analysis with ICP-MS. The (*) indicates an impurity in the 200 eq. UDT #1 sample. c) The 
absorbance features between 800 and 900 nm are generally indicative that a small amount of 
PbS NCs is present in the ligand eluent fraction. d) The artifact at 870 nm in panel c arose 
from baselining issues on the instrument part way through data collection. Shown here is a 
spectrum of toluene (the blank) before collecting spectra and a spectrum collected of toluene 
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After characterizing the ligand eluents by NMR and UV-Visible-NIR absorption 
spectroscopies, the eluents were prepared for ICP-MS analysis to detect and quantify 
Pb(oleate)2 species liberated during the reaction of NCs with UDT. Pyrolysis of the organic 
ligands was carried out with a box furnace to improve solubility of Pb2+ ions in acidic media, 
then the pyrolyzed eluents were digested in HNO3 and diluted with ultrapure water to 
concentrations appropriate for ICP-MS analysis. Pb concentrations obtained via ICP-MS 
indeed indicate that Pb is present in significant amounts in the ligand eluents (Table 4.5). 
The amount of Pb quantified from 20–200 equiv. added UDT was significantly higher than 
Pb attributed to PbS NCs in the ligand eluent (estimated at ~1–3 Pb ions per NC); therefore, 
nearly all Pb ions in Table 4.5 are attributed to Z-type Pb(oleate)2 species.  
Table 4.5. Liberated Pb ions per NC determined via ICP-MS for ligand eluents collected 
from GPC purification of UDT-reacted PbS NCs. 
Equiv. UDT 
added 
Free Pb ions 
per NCa 
0 2.1 ± 0.3 
20 9.8 ± 0.8 
50 21.1 ± 1.6 
100 25.9 ± 1.4 
200 25.2 ± 4.6 
aThese values are the average Pb ions per NC calculated from the raw ICP-MS data; standard 
deviations reflect triplicate studies used in Table 4.4. Values were not adjusted for the 
contribution of Pb from residual NCs, estimated to be ~1–3 Pb ions/NC. 
Important insight into the convoluted ligand reaction mechanisms can be obtained by 
examining the ICP-MS and NMR data in concert. Using the 2:1 oleate:Pb stoichiometry for 
Pb(oleate)2 experimentally determined in previous work,21 we can estimate the number of 
oleates attributed to Z-type ligands using the ICP-MS data in Table 4.5.21 Comparison of 
these data to the 1H NMR spectroscopic data in Table 4.4 indicates that the ligand eluents 
generally contain an excess of oleic acid beyond that assigned to Z-type Pb(oleate)2 species. 
133 
 
There are fewer than 10 oleic acids that cannot be attributed to Z-type Pb(oleate)2 for the 0, 
20, and 50 equiv. UDT datasets. However, about 16 and 25 oleic acids are in excess of the Z-
type oleates for 100 and 200 equiv. UDT, respectively. For example, 75 ± 4 oleate species 
were quantified in the free ligand eluent, yet 25 ± 5 Pb(oleate)2 species, equivalent to ca. 50 
oleate ligands, were liberated from the PbS NC surface upon reaction with 200 equiv. UDT. 
To test whether the remaining 25 free oleate species can be attributed to irreversible X-type 
exchange of oleates for thiolates, FTIR spectroscopy was used to detect the C=O stretch of 
free oleic acid. As UDT is titrated into the NCs, a peak at 1709 cm-1 consistent with the C=O 
stretch of pure oleic acid grows in (Figure 4.20, Figure 4.21). This peak is not apparent in 
the spectra of 20 and 50 equiv. added UDT, lending support to the conclusion that 
irreversible X-type displacement of oleic acid becomes more prominent with higher equiv. 
added UDT. While subsequent reactivity of excess UDT with displaced Z-type Pb(oleate)2 to 
form Pb-UDT species and oleic acid could contribute to the signal at 1709 cm-1 and cannot 
be ruled out, the combined NMR and ICP-MS data quantitatively support reactivity 





Figure 4.20. ATR-FTIR spectrum of 2.8 nm oleate-capped PbS NCs titrated with up to 200 
equiv. UDT. The stretch at 1709 cm-1 is consistent with the C=O stretch of free oleic acid. 
Dashed lines are provided to guide the eye toward changes in peak positions of the O–C–O 
νasym and νsym stretches. 
 
Figure 4.21. ATR-FTIR spectrum of pure oleic acid. The C=O stretch located at 1709 cm-1 is 
consistent with the peak that appears upon in situ reaction of oleate-capped PbS NCs with 
>50 equiv. UDT. 
Intriguingly, Z-type ligand displacement increases with increasing amounts of UDT, 
then plateaus after 100 equiv. UDT (Table 4.5). This reactivity may be explained by 
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considering the L-type binding and Z-type displacement mechanisms in tandem. At 20 equiv. 
added UDT, the bound UDT:free oleate ratio is <0.5, suggesting all liberated oleate species 
are part of Pb(oleate)2 moieties and all bound UDT ligands are L-type thiols. However, only 
~10 Pb ions (i.e., Z-type Pb(oleate)2 species) were quantified instead of the ~20 Pb ions 
anticipated from in situ 1H NMR data. The observation of Z-type Pb(oleate)2 rebinding 
during GPC purification (Figure 4.11a) supports a delicate interplay between Z-type 
displacement and L-type thiol binding equilibria. Removal of L-type UDT during GPC, 
supported by 1H NMR spectra, likely forces the L-type binding equilibrium toward free UDT 
via Le Châtelier’s principle. The L-type equilibrium directly impacts the Z-type displacement 
equilibrium by forcing the liberated Z-type species to revert to the bound state upon removal 
of L-type ligands during GPC purification. However, this argument does not explain the 
plateauing behavior of Z-type ligand displacement quantified by ICP-MS. At higher 
equivalents of added UDT, L-type binding independent of Z-type displacement seems to 
occur based on NMR data. Pushing the L-type binding equilibrium toward the bound state 
may inhibit the reversal of the Z-type equilibrium between the bound and free states during 
GPC purification, favoring an equilibrium amount of liberated Z-type Pb(oleate)2. Another 
possible parallel reaction pathway which may explain the increase and plateau of quantified 
free Z-type ligands is that large excesses of added UDT (>50 equiv.) may react with 
Pb(oleate)2 species liberated upon L-type thiol binding to the NC to form free Pb-UDT 
species.174 The Pb-UDT species is likely a weaker Lewis acid than Pb(oleate)2 due to the 
stronger donating character of the thiolate ligand than the carboxylate ligand, driving the 
equilibrium toward the free state. 
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4.3.4 Z-type Ligand Reactivity after Thiol Binding 
Last, we wanted to interrogate the reactivity of mixed-ligand PbS NCs capped with 
both oleate and UDT ligands in order to ascertain the nature of bound UDT ligands. The data 
presented herein provides ample support for both L-type thiols and X-type thiolates on PbS 
NC surfaces. The outstanding question remained whether thiolates that bind through X-type 
exchange with oleate ligands subsequently participate in Z-type ligand reactivity as 
Pb(UDT)2 species, similar to the dual reactivity of oleates in the presence of different 
chemical additives (e.g., X-type exchange of oleates with added carboxylates, Z-type 
displacement of Pb(oleate)2 with added amines). 
To answer this question, we titrated large excesses of the chelating agent TMEDA 
into mixed-ligand PbS NCs to selectively and exclusively liberate Z-type species. First, we 
isolated two samples of NCs—one reacted with 50 equiv. UDT and the other reacted with 
200 equiv. UDT—via precipitation–centrifugation to obtain NCs with different proportions 
of bound UDT and bound oleate ligands. Upon titration of the 50 equiv. UDT sample with up 
to 20,000 equiv. TMEDA per NC, zero Pb(UDT)2 species and ~15 Pb(oleate)2 species were 
displaced (Figure 4.22, Table 4.6). Next, titration of up to 20,000 equiv. TMEDA into the 
sample of NCs previously reacted with 200 equiv. UDT showed that zero Z-type Pb(UDT)2 
species and only ~3 Pb(oleate)2 ligands were displaced (Figure 4.23, Table 4.7). While a 
lack of UDT displacement cannot rule out the existence of bound Z-type Pb(UDT)2 or 
Pb(UDT)(oleate) species, the displacement Keq of this species is clearly much smaller than 
that of the more labile Pb(oleate)2 complex. From these two titrations with different starting 
amounts of bound UDT and bound oleate ligand, we can infer that many (~15) reactive Z-
type ligands remained in the 50 equiv. UDT samples, whereas few (~3) remaining Z-type 
ligands remained in the 200 equiv. UDT sample. This observation is consistent with 
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liberation of Z-type Pb(oleate)2 ligands during the initial introduction of UDT and subsequent 
removal before titration with TMEDA. 
 
Figure 4.22. 600 MHz 1H NMR spectroscopic titration in benzene-d6 of up to 20,000 equiv. 
TMEDA per NC into 50 µM PbS NCs reacted previously with 50 equiv. UDT and isolated 
via precipitation–centrifugation. Free UDT species before the titration with TMEDA are 
primarily disulfides, which could not be removed by this purification technique. 
Table 4.6. Number of bound and free ligands via NMR spectroscopy for the titration of up to 
20,000 equiv. TMEDA into 50 µM PbS NCs, which were previously reacted with 50 equiv. 
UDT and isolated via precipitation–centrifugation.  















0 75 0 19 2 75 21 
20 64 10 22 2 74 24 
100 65 10 21 1 75 22 
500 66 16 21 3 82 23 
2000 48 27 21 2 75 23 
10000 40 35 21 2 75 24 
20000 41 40 19 3 81 22 
aFree UDT is not corrected for disulfide impurity. It is estimated that there are ~1.5 
disulfides/NC which corresponds to ~3 free UDT ligands, therefore all free UDT signal is 






Figure 4.23. 600 MHz 1H NMR spectroscopic titration in benzene-d6 of up to 20000 equiv. 
TMEDA per NC into 50 µM PbS NCs reacted previously with 200 equiv. UDT and isolated 
via precipitation–centrifugation. Residual free UDT after precipitation–centrifugation is 
attributed to disulfide species.  
 
Table 4.7. Number of bound and free ligands via NMR spectroscopy for the titration of up to 
20,000 equiv. TMEDA into 50 µM PbS NCs, which were previously reacted with 200 equiv. 









Free UDTa Total 
oleate 
Total UDT 
0 14 14 70 7 28 70 
20 14 14 68 6 28 68 
100 15 15 71 6 29 71 
500 16 13 71 8 29 71 
2000 14 16 71 7 30 71 
10000 10 19 71 9 29 73 
20000 9 20 69 9 29 71 
aFree UDT is not corrected for disulfide impurity. It is estimated that there are ~3 
disulfides/NC which corresponds to ~6 free UDT ligands, therefore most free UDT signal is 
attributed to disulfide species. 
 
0 equiv.  
20 equiv.  
100 equiv.  
500 equiv.  
2000 equiv.  
10000 equiv.  
20000 equiv.  
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The converse of the reaction between TMEDA and mixed-ligand UDT/oleate PbS 
NCs was also investigated. First, oleate-capped PbS NCs were reacted with 17,000 equiv. 
TMEDA to intentionally remove Pb(oleate)2 ligands then isolated via precipitation–
centrifugation. The etched NCs were subsequently reacted with 200 equiv. UDT, then the 
liberated species were probed for Z-type species via ICP-MS. From ICP-MS analysis, only 
~3 Z-type Pb(oleate)2 ligands were liberated by addition of 200 equiv. UDT after prior Z-
type removal with TMEDA. Compared with the ~25 Z-type ligands displaced upon reaction 
of the oleate-capped NC surface with 200 equiv. UDT, the 3 Z-type ligands liberated by 
addition of 200 equiv. UDT after Z-type stripping with TMEDA supports the conclusion that 
TMEDA and UDT displace the same population of Z-type ligands from the NC surface, 
albeit through different L-type promoted Z-type displacement mechanisms.  
4.4 Discussion 
 The observed changes to oleate-capped PbS NCs upon titration with thiols enables us 
to contextualize our findings within prior work as well as propose a model of ligand-based 
reactivity which encapsulates all mechanisms and equilibria discussed herein. Previous work 
by Weiss and coworkers established that the addition of up to 60 equiv. of alkylthiol or 
fluorinated alkylthiol to PbS NCs released super-stoichiometric amounts of oleate ligands, 
likely in the form of Pb(oleate)2 or Pbxoleatey clusters.141,176 Additionally, they hypothesized 
that thiolate binding occurred through protonation of oleate ligands which bind to Pb ions 
incorporated into the PbS lattice (referred to as (111)center Pb ions in the present work).176 
Linking both Z-type displacement and X-type exchange mechanisms are the oleate ligands. 
X-type oleate ligands and Z-type oleate constituents have been shown to interconvert at PbSe 
surfaces in work by Peters et al.163 Using HAADF-STEM imaging, sample averaging, and 
modeling, they proposed that NCs with low oleate density undergo surface reconstruction 
140 
 
after addition of Z-type Pb(oleate)2. The reconstruction mechanism leads to growth of (111) 
facets at the expense of (110) facets—chemisorption of Z-type Pb(oleate)2 to Se ions on the 
(110) facet is followed by atomic rearrangement that results in X-type-oleate stabilized 
(111)center Pb ions. Furthermore, oleate ligands passivate surface metal ions through chelating 
bidentate and bridging bidentate geometries, affording the ligand a high degree of mobility 
which supports this surface rearrangement mechanism.23,56,83,163 
First, our ICP-MS data supports a substantial Z-type displacement process induced by 
thiol addition in the 0–100 equiv. UDT range, consistent with the work of Weiss and 
coworkers.141,176 Before thiol addition, some carboxylate anchoring groups of the oleate 
ligand may bridge the Pb ions along the (111)/(111) facet edges and the (111)center sites, while 
other carboxylates chelate Pb ions at these sites (Figure 4.24).147 Upon thiol addition, the 
equilibrium of oleate ligands between bridging bidentate and chelating bidentate geometries 
is perturbed, wherein bridging O–Pb bonds may rearrange to favor the chelating bidentate 
binding motif on the Pb ions situated along the (111)/(111) edges. Pb(oleate)2 displacement 
caused by rearrangement of native oleates toward the chelating bidentate geometry upon L-
type thiol binding to the NC surface is supported by the bound UDT features observed during 
in situ NMR spectroscopic titrations and the calculated <1:1 bound UDT:free oleate ratio 
between 0–100 equiv. UDT. Crucially, the absence of liberated Pb(oleate)2 stabilized by free 
L-type thiol supports a mechanism where thiol–nanocrystal interactions drive the apparent 
Pb(oleate)2–nanocrystal binding equilibrium towards dissociation of the Z-type Pb(oleate)2. 
Disruption of the bridging bonds which fasten Pb(oleate)2 moieties to the NC surface could 
shift the equilibrium toward free Z-type Pb(oleate)2, leading to the observed liberation of 
Pb(oleate)2 upon thiol binding. Importantly, the observed L-type promoted Z-type 
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displacement mechanism with UDT is strikingly different from that with TMEDA. The 
displacement mechanisms proceed through either chelation of TMEDA to the Z-type ligand, 
or L-type binding of UDT to the NC surface. Vast quantities of TMEDA, upwards of 10,000 
equiv. per NC, are required to liberate ~25 Z-type ligands,21 whereas addition of only 100 
equivalents of UDT results in the same extent of Z-type displacement. Clearly, the 
rearrangement of oleate ligands into configurations that favor Z-type displacement, as 
induced thiol binding to the NC surface, is vital to drive the equilibrium forward; Z-type 
displacement with TMEDA relies on electron donation from chelating tertiary amines to 
Lewis acidic Pb ions to drive the displacement mechanism, which appears less effective at 
shifting the equilibrium forward. 
 
Figure 4.24. Models of octahedral PbS NCs (~2.8 nm in diameter) depicting site-specific 
reactivity with UDT. Pb ions are gray spheres and S ions are yellow spheres; the (111) lattice 
planes are represented by gray surfaces. The (110) lattice plane is drawn in blue to visualize 
the arrangement of atoms upon displacement of Z-type Pb(oleate)2 ligands—for clarity, only 
one Z-type ligand and its coupled L-type thiol ligand are depicted for the L-type promoted Z-
type displacement mechanism. 
 Second, our 1H NMR spectroscopy data supports additional L-type thiol binding 
beyond the L-type binding coupled with Z-type displacement (Figure 4.24). The number of 
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bound UDT ligands in situ increases by ~20 ligands between 100 and 200 equiv. added UDT 
with a concomitant increase of only ~3 free oleate species. By 500 equiv. UDT, the bound 
UDT:free oleate ratio is ~1.1:1, indicating that the range of L-type binding as a standalone 
reaction mechanism lies between 100–500 equiv. added UDT. Presumably, as Z-type ligands 
are displaced by the L-type promoted Z-type displacement mechanism, the resultant NC 
surface lacks a significant number of Pb(oleate)2 ligands binding the (111)/(111) edge. Thus, 
(110) lattice planes would begin to form—the converse of the surface reconstruction 
mechanism proposed to occur by Peters et al. upon adding Pb(oleate)2 to PbSe NCs. After Z-
type displacement, the Pb ions located at the (110)/(111) edge may require stabilization 
beyond that provided by the L-type thiol which first promoted the Z-type displacement 
(Figure 7). Additionally, stabilization of the exposed chalcogenides by the protonated thiol 
may occur through dissociation of the proton to bind the S ion, computed to be energetically 
favorable on CdS NC surfaces.178  
Third, we have spectroscopic evidence for irreversible X-type exchange between 
native oleates and UDT (Figure 4.24). By 1H NMR spectroscopy, the number of free oleate 
species in the ligand eluents surpasses the anticipated ~50 oleate ligands assigned to the 
liberated Pb(oleate)2 species by ~18 and ~25 oleates for the 100 and 200 equiv. UDT 
additions, respectively. From IR spectroscopy, a C=O stretch also becomes apparent 
beginning at 100 equiv. UDT, suggesting that the additional oleate species quantified by 
NMR data are X-type oleic acids. Thus, our data indicate that irreversible X-type 
displacement of oleates occurs between 100–500 equiv. added UDT. In agreement with 
Weiss and coworkers, X-type displacement of oleate ligands for thiolate ligands probably 
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proceeds at (111)center Pb ions which are not part of Z-type ligands (Figure 4.24), but are 
rather tightly bound to the core lattice by three bonds to underlying chalcogenide ions.147,176  
4.5 Conclusions 
 This work substantiates observations of three reaction mechanisms occurring between 
thiols and semiconductor NCs proposed by researchers in the field. Here, we show that 
complex and convoluted reactivity between oleate-capped PbS NCs and the thiol ligand UDT 
can be unraveled through quantitative examination of both oleate and UDT reactivity via 1H 
NMR spectroscopic titrations and ICP-MS analysis. By using gel permeation 
chromatography to enable characterization of the dissociated species separately from the 
thiol-reacted PbS NC surface, we demonstrated that Z-type Pb(oleate)2 ligands are indeed 
displaced upon introduction of UDT. This reaction mechanism, which can be described as Z-
type displacement with coupled L-type thiol binding, dominates at 0–100 equiv. added UDT. 
Additional L-type binding of thiols not associated with promoting Z-type displacement is 
supported by in situ 1H NMR integrations of bound and free ligands between titration points. 
Between 100–500 equiv. added UDT, the number of bound UDT ligands far surpasses the 
number of oleate ligands displaced, indicating independent L-type binding. Also occurring in 
the range of 100–500 equiv. added UDT is irreversible X-type exchange, supported by the 
observation of excess oleate species in the ligand eluents than anticipated from the numbers 
of liberated Pb ions via ICP-MS analysis combined with the 2:1 oleate:Pb stoichiometry of 
the dissociated Z-type ligand. FTIR spectra also support the presence of oleic acid upon 
reaction of the NCs with UDT. Finally, investigations of the mixed-shell surface chemistry 
by titration with TMEDA supports the conclusion that the Z-type ligands—exclusively 
Pb(oleate)2 and not Pb(UDT)2 or Pb(oleate)(UDT) ligands—liberated by reaction of oleate-
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capped PbS NCs with UDT are located at the same (111)/(111) edge sites proposed to react 
with TMEDA in prior work.  
Our study of overlapping ligand-based mechanisms upon addition of thiols to PbS 
NCs importantly indicates that the extent of each type of reaction can be tuned by varying the 
ratio of exchange ligand to NC. Conflicting reports of decreased as well as enhanced 
emission efficiency for NCs exchanged with thiols have been cited in the literature.178 Our 
work demonstrates that low equiv. of added thiol may form well-known underpassivated 
chalcogenide trap states upon dissociation of Z-type ligands.85,115,116 At higher equivalents of 
added thiol, exposed chalcogenides as well as metal cations may be passivated by L-type 
ligands through formation of a dissociated proton/thiolate network.178 This work underscores 
the importance of understanding ligand reaction mechanisms for common exchange ligand 
motifs in order to achieve deeper insight into the molecular-level origin of charge carrier trap 
















CHAPTER 5. EFFECTS OF LIGAND SHELL COMPOSITION ON SURFACE 
CHARGING IN LEAD SULFIDE QUANTUM DOTS 
This chapter was adapted with permission from *Hartley, C. L.; *Kessler, M. K.; Dones 
Lassalle, C. Y.; Camp, A. M.; Dempsey, J. L. Effects of Ligand Shell Composition on 
Surface Charging in PbS Quantum Dots. Submitted. 
 
5.1 Introduction 
 Semiconductor quantum dots (QDs) are a popular class of nanocrystals with 
applications in optoelectronic technologies ranging from commercial displays to p−n junction 
solar cells.126,188,189 QDs have desirable characteristics for these applications including rapid 
interfacial charge transfer, high absorptivity, and incredible tunability accessed by varying 
QD size, material, or capping ligand.189,190 This tunability of properties affords opportunities 
to optimize QDs for a given application via post-synthetic modification strategies, prior to 
incorporation into commercial devices.188,189,191  
Perhaps the most common post-synthetic modification before use in devices is 
exchange of the native surface capping ligands with ligands that differ by their backbone or 
surface-binding head group (Scheme 5.1). As-synthesized metal chalcogenide QDs often 
possess long-chain alkyl-based ligands such as oleate, myristate, or n-octylphosphonate.192 
Though these ligands impart colloidal stability to the nanocrystals, their insulating nature 
inhibits electronic communication and charge transfer between QDs within a solid-state 
device.191,193–195 Therefore, to improve conductivity in QD-based devices, these native 
capping ligands are frequently exchanged with ligands that have short or conjugated 
backbones and often contain strongly binding thiolate head groups, such as 3-
146 
 
mercaptopropionic acid or benzene dithiol.89,130,196–198 Though ligand exchange methods are 
widely established, ligand-exchanged QDs are often not isolated from excess ligand and 
solvent. In studies where QDs are isolated post-exchange, characterization of bound ligand 
composition and of the QD surface is generally limited to qualitative observations of spectral 
handles in NMR or IR spectra corresponding to bound exchange ligands or loss of native 
ligands. Despite the lack of comprehensive characterization of ligand-exchanged QDs, ligand 
exchange reactions on the QD surface are known to impact QD properties including colloidal 
stability, trap formation or passivation, absorptivity, and surface dipole moment, to name a 
few.89,174,199–201 Without a complete picture of how the ligand composition of exchanged QDs 
affects physical and electronic properties, the ability to optimize devices relying upon these 
materials is limited.    
Scheme 5.1. Structure of anionic X-type ligand bound to metal cation on QD surfacea  
 
aScheme adapted from reference 200 
 An added consideration when incorporating QDs into devices is the stability of the 
QD surface to added charge (e.g., from an electrode, external dopant, or QD−QD charge 
transfer). Recent work has demonstrated that upon adding charge to QDs via electrochemical, 
photochemical, and remote chemical doping (charging) processes, this excess added charge 
can reside in localized states on the QD surface.30,202–204 When the charge is localized at some 
metal sites, X-type ligands are liberated for charge balance, as recently demonstrated in CdSe 
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and PbS systems with native oleate ligands.203,204 Yet while there have been a handful of 
recent experimental30,203,204 and computational32,83 studies of QD surface charging, ligand 
displacement is generally not well controlled or understood for QDs with different types of 
device-relevant capping ligands.    
 To achieve a more detailed understanding of QD surface modification methods with 
an eye toward improving QD-based devices, it is crucial to attain (i) rigorous characterization 
of exchanged QD properties and determination of extinction coefficients alongside direct 
comparisons with the native oleate-capped QD surface; and (ii) knowledge of how exchange 
ligands with common motifs impact the extent of surface charging. PbS was selected as an 
ideal QD platform for these investigations because of its relevance to devices and widespread 
use in the literature.126,205,206 We therefore isolated and characterized a series of partially 
ligand-exchanged PbS QDs (i.e., mixed-shell QDs) using three exchange ligands that differ 
by the ligand backbone or surface binding group. Each exchange ligand—an alkyl 
carboxylate, an aryl carboxylate, and an alkyl thiolate—possesses robust spectroscopic 
handles suitable for quantitative NMR analyses. The mixed-shell QDs are comprised of near-
stoichiometric populations of the native oleate ligand and of the exchange ligand to enable 
direct assessment of the relative stability of each ligand toward surface charging within the 
same system. We then probed how each of these mixed-shell systems reacted to surface 
charging through comparative spectroscopic studies with added molecular reductants, 
discovering unique patterns of reactivity for each mixed-shell system. These observations 
provide valuable insight into the surface of the nanocrystals and how the surface is affected 




5.2.1 General Considerations 
Toluene-d8 was purchased from Cambridge Isotope Laboratories and freeze-pump-
thawed to degas and then dried over activated 3 Å molecular sieves for at least 24 hours in a 
glovebox before use. PbO (99.999%), oleic acid (OA) (90%), 1-octadecene (ODE) (90%), p-
toluic acid (98%), and 1,3,5-trimethoxybenzene (≥ 99%) were purchased from Sigma Aldrich 
and used as received. Bis(trimethylsilyl) sulfide ((TMS)2S) (≥ 98%) was purchased from 
Sigma Aldrich and stored under N2 in a glovebox. Cobaltocene (CoCp2) was purchased from 
Sigma Aldrich and was purified by sublimation. Triethylamine (≥ 99.5%) was purchased 
from Sigma Aldrich and purified by distillation before use. Undec-10-enoic acid (UDA) 
(99%) was purchased from Acros Organics and was purified by distillation before use. 
Undec-10-ene-1-thiol (UDT) was synthesized as described previously,39 freeze-pump-thawed 
to degas, and stored in a glovebox prior to use. Solvents used for purification of QDs and for 
UV−Vis absorbance studies were purchased from Fisher Scientific and VWR.  
5.2.2 Synthesis and Purification of PbS QDs 
Standard Schlenk line techniques were utilized to maintain an inert atmosphere 
during the synthesis of PbS QDs. PbS QDs ca. 3 nm in diameter were synthesized following 
previously reported procedures.4,38 Lead(II) oxide (0.90 g, 4 mmol), oleic acid (2.54 mL, 8 
mmol), and ODE (35 mL) were combined in a 100 mL three-neck round-bottom flask and 
stirred under vacuum at 100 °C for 2–3 h. The mixture was then heated to 120 °C to yield a 
clear and colorless solution. Simultaneously, (TMS)2S (0.42 mL, 2 mmol) and ODE (4 g) 
were combined in a 25 mL pear-shaped flask under inert atmosphere. The (TMS)2S mixture 
was injected rapidly into the Pb(OA)2 solution at 120 °C. The reaction proceeded for 2.5 min 
at ca. 115 °C, during which time the solution turned dark brown. The reaction vessel was 
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removed from the heating mantle and the QD solution was quenched by immersion first in a 
room temperature oil bath then an ice bath. 3 mL of the QD mixture were diluted with 1 mL 
toluene and then 8 mL of acetone were added to precipitate out the QDs. The mixture was 
then centrifuged at 9000 rpm for 10–15 min. After decanting the supernatant, the QDs were 
resuspended in 3 mL pentane and precipitated by addition of 4 mL MeOH and 4 mL acetone 
followed by centrifugation. Four more total precipitation–centrifugation cycles were carried 
out with alternating 2 mL pentane or toluene and 8 mL acetone. The PbS QDs were isolated 
from pentane by evaporation, yielding ca. 1.2 g of QDs. The QDs were stored as a solid in a 
nitrogen-filled glovebox.  
5.2.3 QD Ligand Exchange Procedure 
Each QD batch (oleate-PbS-1, -2, -3) was split into two portions; 60% of the batch 
was used in the ligand exchange procedures below, and 40% of each batch was used as for 
comparative studies with native oleate-capped PbS QDs. Purification of the exchanged QDs 
described below varied slightly based on what we found to result in pure and stable mixed-
shell batches with each ligand system. In all cases, alcohol antisolvents were avoided to 
minimize ligand displacement from precipitation cycles.134  
 UDA/oleate-PbS QDs were obtained by addition of 200 equiv. UDA/QD to a ca. 300 
µM solution of 3.2 nm PbS QDs with stirring in toluene at room temperature for 40 min. The 
UDA/oleate-PbS QDs were isolated from the reaction solution by two rounds of 
precipitation–centrifugation with a 1:5 ratio of toluene:acetone. The UDA/oleate-PbS QDs 
were then suspended in pentane, dried under an N2 stream and then stored in an N2-filled 
glovebox.  
 Toluate/oleate-PbS QDs were obtained by stirring 600 equiv. triethylammonium p-
toluate per QD with a 300 µM solution of 2.9 nm PbS QDs in toluene for 10 min. The QDs 
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were isolated by two rounds of precipitation from 1:3 toluene:CH3CN and centrifugation at 
8500 rpm for 10 minutes. Toluate/oleate-PbS QDs were suspended in pentane, then the 
solvent removed under N2 stream and vacuum before storage in an N2-filled glovebox.  
UDT/oleate-PbS QDs were obtained through reaction of 100 equiv. UDT/QD in a 
300 µM solution of 3.1 nm PbS QDs in toluene for 30 min with stirring. The UDT/oleate-
PbS QDs were isolated through six rounds of precipitation–centrifugation at ca. 8000 rpm as 
follows: 1:4 toluene:acetone; 1:2:2 toluene:acetone:CH3CN; 1:4:7 DCM:acetone:CH3CN; 1:9 
toluene:acetone; 1:2:1 toluene:acetone:CH3CN; and 1:7 toluene:acetone. The UDT/oleate-
PbS QDs were dried from pentane under an N2 stream then under vacuum and brought into 
an N2-filled glovebox. 
5.2.4 Absorbance Measurements 
Absorbance measurements were recorded using Agilent Cary 60 and Cary 5000 
(double-beam mode) UV−visible absorbance spectrophotometers. Nanocrystal 
concentrations were calculated from the absorbance at 400 nm using the ε400 value 
determined experimentally. For titration studies with added CoCp2, the toluene QD stock 
solution was diluted to 2.5 µM and 3 mL were added to a custom-made quartz cuvette with a 
glass 14/20 joint adaptor top. The cuvette was equipped with a micro stir bar and sealed in 
the glovebox with a rubber septum secured with electrical tape and copper wire. A 15 mM 
solution of CoCp2 in toluene was prepared and drawn up into a 500 µL gas-tight locking 
syringe. The charged syringe was then locked and the needle stuck into a rubber septum. 
After collecting a QD only (0 eq. CoCp2) absorbance spectrum, the needle of the charged 
syringe was swiftly injected into the specialty cuvette and unlocked to add CoCp2 to the QD 
solution incrementally with 50, 100, 250, 500, 750 and 1000 eq. CoCp2. The syringe was 
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locked between additions, and after adding the reductant the solution in the cuvette was 
stirred vigorously for 30 seconds before collecting an absorbance spectrum.  
5.2.5 Determination of Mixed-Shell QD Extinction Coefficients 
A UV-Visible-NIR absorbance spectrum of a sample of PbS QDs was recorded in a 2 
mm cuvette. The sample was carefully rinsed into a scintillation vial, dried under air stream, 
then heated in a box furnace at 450 °C for 30 min to pyrolyze the organics. The contents of 
the scintillation vial were digested for 4 hr in 0.5 mL HNO3 (TraceMetal grade, Fisher 
Chemical). The sample was filtered through Whatman GF 6 glass filter paper with a pore size 
of <1 μm, rinsed into a 10 mL volumetric flask with 2% HNO3 in Millipore water, and 
transferred to a 15 mL centrifuge tube. The sample was diluted by 250× to obtain a 
concentration of Pb within the confines of the calibration curve, targeting ca. 50 ppb Pb. ICP-
MS was carried out on an Agilent 7500cx instrument operated in low resolution and tuned 
with a solution containing 100 ppb Li, Co, Y, Ce, and Ti. Calibration standards were 
prepared from appropriate dilutions of 100 ppm Pb in 0.5% HNO3 (v/v) (Inorganic Ventures) 
with 2% HNO3 (TraceMetal grade, Fisher Chemical) in 18.2 MΩ water. The Pb 
concentration obtained via ICP-MS was combined with the Pb:S ratio from XPS to yield the 
concentration of QDs in the UV-Visible-NIR sample (see Appendix C for sample 
calculation). Beer’s law was used to calculate the extinction coefficient at 400 nm (ε400). 
5.2.6 1H NMR Spectroscopy Studies 
NMR samples were prepared in a dry nitrogen-filled glovebox by measuring the 
concentration of PbS NC stock solutions via UV−Vis absorbance spectroscopy, diluting a 
calculated volume of stock solution with toluene-d8 to obtain a concentration of 50 μM QDs, 
and adding 600 μL of this solution to a JYoung NMR tube to maintain an inert atmosphere 
during data collection. An internal standard solution of 1,3,5-trimethoxybenzene was 
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prepared by dissolving ca. 13 mg in 1.5 mL of toluene-d8, then 50 μL of this solution was 
added to each JYoung NMR tube. A 50 mM solution of CoCp2 in toluene-d8 was then 
prepared and aliquots of 0, 100, or 500 eq. per QD added to the JYoung NMR tubes. After 
CoCp2 addition, the samples were allowed to equilibrate in the dark before collecting spectra 
at intervals of 4, 24, 48, and 123 hours. Spectra were collected on a Bruker 600 MHz 
spectrometer with a 30 s d1 delay time and 8–12 scans. All DOSY experiments were run on a 
Bruker 600 Avance system. Samples were thermoregulated at 25 oC and allowed to 
equilibrate 5 min before spectrum acquisition. NMR processing was performed in MNOVA, 
and spectra were baseline corrected with a Whittaker smoother. While the exact baseline 
correction parameters vary from experiment to experiment, care was taken not to over-
correct the broad QD features.  
5.2.7 X-ray Photoelectron Spectroscopy 
Samples were prepared by depositing either liquid solutions onto Au-coated silicon 
wafers or solid powders onto freshly cut indium metal. The Au-coated silicon wafers were 
fabricated using a KJ Lesker sputter coater. Wafer pieces were sonicated in ethanol and dried 
under an air stream prior to dropcasting PbS QDs in pentane. XPS was performed using a 
Kratos Axis Ultra DLD X-ray photoelectron spectrometer with a monochromatic Al Kα X-
ray source. Survey and high-resolution scans were obtained with pass energies of 80 and 20 
eV, respectively. All spectra were corrected to the C 1s peak at 284.6 eV.  
5.2.8 Transmission Electron Microscopy 
Transmission electron microscopic images were recorded on a Thermo Scientific FEI 
Talos F200X S/TEM equipped with a 70 micron objective aperture, and at an accelerating 
voltage of 200 kV. Samples were prepared by filtering dilute solutions of nanocrystals in 
pentane through a 2 µm PTFE syringe filter and drop casting onto 400 mesh lacey carbon 
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grids (Ted Pella, Inc.). Samples were dried overnight under vacuum at room temperature. 
Images were analyzed using ImageJ software.  
5.3 Results and Discussion 
5.3.1 Mixed-Ligand QD Preparation and Characterization 
Three batches of PbS QDs approximately 3 nm in diameter (2.9, 3.1, and 3.2 nm) 
were synthesized via the Hines and Scholes method and purified through 
precipitation−centrifugation cycles.21,38 Approximate QD sizes were calculated from the 
empirical sizing curve reported by Moreels et al; these values are employed in tables and 
calculations below.136 We find these sizes are smaller, though generally in good agreement 
with the average diameter determined from TEM image analysis (Figure 5.1, Figure 5.2, 
Figure 5.3).136 To systematically investigate the impacts of both ligand backbone (alkyl vs. 
aryl) and binding group (carboxylate vs. thiolate) on QD surface chemistry and reactivity 
upon charging the QDs with CoCp2, we selected three exchange ligands. Sixty percent of 
each QD batch was reacted with either 200 equiv. undec-10-enoic acid (UDA), 600 equiv. 
triethylammonium p-toluate, or 100 equiv. undec-10-ene-1-thiol (UDT) (Scheme 5.2, see 
Experimental for details). The mixed-shell systems were obtained by stirring with exchange 
ligand for 10–40 minutes and purified via multiple precipitation–centrifugation cycles using 
polar, aprotic anti-solvents to precipitate the nonpolar QDs from solution. TEM imaging of 
the isolated QDs indicates that the size remained unchanged after the ligand exchange 
reaction (Figure 5.4, Figure 5.5, Figure 5.6). The reaction stoichiometry was selected in 
order to obtain PbS QDs with mixed ligand shells comprised of a near 1:1 ratio of the native 
oleate ligands and the added (‘exchange’) ligand, herein referred to as mixed-shell QDs (see 
below for shell composition quantification). The 1:1 ratio of ligands in the mixed ligand 
shells maintains QD solubility in toluene and also provides approximately equal bound 
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concentrations of each ligand to compare surface changes during charging studies (below). 
Portions of the unexchanged oleate-PbS QDs (named oleate-PbS-1, -2, and -3) were reserved 
to conduct comparative experiments in parallel with the mixed-shell systems.  
Scheme 5.2. Exchange of Oleate Ligands for Comparative Studies  
 
         
Figure 5.1. a) TEM image of as-synthesized oleate-PbS-1 used for comparison with System 
1 (UDA/oleate-PbS QDs). b) Histogram constructed from analysis of the image in panel a 





         
Figure 5.2. a) TEM image of as-synthesized oleate-PbS-2 used for comparison with System 
2 (toluate/oleate-PbS QDs). b) Histogram constructed from analysis of the image in panel a 
using ImageJ. Average particle size is 3.1 ± 0.2 nm. 
         
Figure 5.3. a) TEM image of as-synthesized oleate-PbS-3 used for comparison with System 
3 (UDT/oleate-PbS QDs). b) Histogram constructed from analysis of the image in panel a 






       
Figure 5.4. a) TEM image of exchanged and isolated UDA/oleate-PbS QDs (System 1). b) 
Histogram constructed from analysis of the image in panel a using ImageJ. Average particle 
size is 3.5 ± 0.4 nm. 
       
Figure 5.5. a) TEM image of exchanged and isolated toluate/oleate-PbS QDs (System 2). b) 
Histogram constructed from analysis of the image in panel a using ImageJ. Average particle 






        
Figure 5.6. a) TEM image of exchanged and isolated UDT/oleate-PbS QDs (System 3). b) 
Histogram constructed from analysis of the image in panel a using ImageJ. Average particle 
size is 3.4 ± 0.3 nm. 
 The differences in reaction conditions to achieve each mixed-shell system—
UDA/oleate-PbS, toluate/oleate-PbS, and UDT/oleate-PbS—demonstrate how equilibria 
dictate the extent of ligand exchange. In general, higher concentrations of carboxylic acid-
terminated ligands are required to obtain mixed-shell QDs, whereas native oleate 
displacement occurs much more readily upon introduction of a thiol-terminated ligand; these 
differences reflect the equilibrium constants dictating the exchange process and the 
complexities of thiol reactivity.39 Notably, the UDA ligand was introduced as the neutral 
carboxylic acid, whereas the p-toluate mixed-ligand QD was accessed through addition of the 
triethylammonium p-toluate salt.199 Ligand exchange with UDA has been previously 
established as an X-type exchange mechanism on PbS QDs, wherein the acidic proton of the 
UDA carboxylic acid protonates a bound oleate ligand, liberating oleic acid.38 Unlike UDA, 
the solubility of p-toluic acid in toluene is poor, rendering direct exchange ineffective. 




undergoes exchange with native oleate ligands on PbS QDs.199 The exchange proceeds 
through an X-type exchange mechanism akin to a salt metathesis that liberates 
triethylammonium oleate upon toluate binding. In contrast to carboxylic acid-terminated 
ligands, alkyl thiols have been established to undergo a variety of surface ligand reactions 
with oleate-capped QDs, including X-type exchange,39,58,207 L-type ligand binding (as a two-
electron donor),39,58,207 and L-type promoted Z-type ligand displacement (liberating a 
Pb(oleate)2 ligand).129,141 Investigations of these convoluted reaction mechanisms are 
underway in our lab.  
 After purification, the mixed-shell systems were characterized with 1H NMR 
spectroscopy, which employs the alkene and aryl protons on the ligand backbones to probe 
the surface ligand composition. Distinct resonances for bound and free ligands in toluene-d8 
arise from aromatic solvent-induced shifting, an effect particularly useful for determining 
whether free ligand remains after purification or for observing free ligand liberated by 
chemical or redox probes.16,208 The chemically inequivalent alkene protons of oleate are 
labeled 1 and 1′ in the chemical structure of Figure 5.7a, though we note that these protons 
appear at the same resonance in 1H NMR spectra. Clearly, oleate ligands are present in 
modest proportion in each mixed-ligand system, as evidenced by the diagnostic broad peak 
of bound oleate at ca. 5.65 ppm. The toluate/oleate-PbS spectrum shows that the oleate 
resonances (1, 1′) shift upfield by about 0.1 ppm. Additionally, the asymmetric peak 
observed in this sample likely indicates more heterogeneous broadening than the other 




Figure 5.7. 600 MHz 1H NMR spectra of a) oleate-capped PbS (red), b) UDA/oleate-PbS 
(gold), c) toluate/oleate-PbS (green), and d) UDT/oleate-PbS (blue) QDs (all 46 µM) in 
toluene-d8. The internal standard peak of 1,3,5-trimethoxybenzene is denoted by (*) and the 
solvent residual peaks are near 7.0 ppm.  
The aryl protons of the toluate ligand appear at ca. 8.2 ppm and 7.1 ppm, though the 
broad peak at 7.1 ppm overlaps with the sharp signals of the toluene residual (Figure 5.7c). 
Broad signals at ca. 6.0 ppm and 5.2 ppm in the UDA/oleate-PbS and UDT/oleate-PbS 
spectra are attributed to the terminal alkene protons of bound UDA and UDT ligands, 
respectively (Figure 5.7b,d). Notably, the UDT/oleate-PbS spectrum contains a second set of 
sharper peaks consistent with free UDT ligand near 5.8 ppm and 5.0 ppm. Despite a rigorous 
six-step purification protocol, 2D DOSY NMR experiments suggest that unbound UDT 
ligands persist, yet these ligands are strongly associated with the nanocrystal ligand shell 
(Figure 5.8). A possible disulfide species, which has a characteristic triplet at 2.57 ppm for 
the α-protons near the S–S group, comprises only ca. 5% of the total unbound UDT species. 









Figure 5.8. 2D DOSY plot of 150 μM UDT/oleate-PbS QDs in toluene-d8. All “bound” and 
“free” UDT alkene peaks diffuse together (approx. 6.3·10-6 cm2/s), indicating the “free” thiol 
species is strongly associated with the QD. Additionally, the small diffusion constant for the 
ligand resonances indicates that they are bound to the QD surface. 
While 1H NMR spectroscopy is adept at characterizing the proton-rich ligand 
backbones, the binding group environments are more effectively probed by infrared 
spectroscopy (FTIR). The carboxylate O−C−O stretching frequencies at ca. 1400 cm-1 
(νsymmetric) and 1530 cm-1 (νasymmetric) in the oleate-PbS spectra (Figure 5.9) are consistent 
with a convolution of both chelating bidentate and bridging bidentate binding motifs and are 
in agreement with previous FTIR studies on oleate-capped PbS and CdSe QDs.23,56 In the 
UDA/oleate-PbS spectrum, the appearance of a weak monosubstituted C=C stretch at 1641 
cm-1 consistent with the terminal alkene of UDA confirms the formation of the mixed-shell 
system, with the O−C−O stretching region remaining unchanged compared with the oleate-
PbS QDs (Figure 5.9). The conjugated C=C stretching modes at 1607 cm-1 and 1586 cm-1 
observed in the toluate/oleate-PbS spectrum support the exchange of native oleates for 
toluate ligands. In contrast with the UDA/oleate system, the carboxylate stretching region of 
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toluate/oleate-PbS shifts to lower wavenumbers. We attribute this observation to the 
contribution of νsymmetric and νasymmetric stretches of the bound toluate ligand to the overall 
O−C−O stretching region, which for free p-toluic acid are shifted to lower wavenumbers than 
those for free UDA (Figure 5.10a,b). The FTIR spectrum of UDT/oleate-PbS QDs displays a 
C=C stretch at 1641 cm-1, expected for the monosubstituted alkene of UDT (Figure 5.10c). 
Furthermore, the addition of thiolate ligands appears to narrow the symmetric and 
asymmetric stretches of the −COO− group and shift them to slightly lower wavenumbers 
(Figure 5.9). These effects may be due to the significant decrease in total carboxylate ligand 
coverage in the UDT/oleate-PbS mixed-shell system.   
 
Figure 5.8. ATR-FTIR spectra of oleate-capped and mixed-shell PbS QDs showing the 
carboxylate stretching region. Dashed lines are provided to enable qualitative comparisons of 























Figure 5.9. ATR-FTIR spectra of a) p-toluic acid, b) undec-10-enoic acid, and c) undec-10-
ene-1-thiol. Full spectra are provided on the left, zoomed-in spectra are shown on the right. 
The C=O stretch of p-toluic acid appears at 1666 cm-1, and of UDA appears at 1706 cm-1. 
The labeled aryl C=C peaks of p-toluic acid at 1575 and 1610 cm-1, and alkene C=C peaks of 
UDA and UDT near 1640 cm-1, are mostly unchanged upon binding to the PbS QDs.  
UV-Visible-NIR absorbance spectra of each oleate-only and mixed-shell QD sample 
were collected to evaluate how ligand exchange affects QD optical properties. The impact of 
nanocrystal surface chemistry on the excitonic absorption feature has been extensively 






remains fixed at the same wavelength as the oleate-PbS-1 spectrum, as anticipated for a 
mixed-shell QD comprised of two alkyl carboxylate ligands with similar electronic structures 
(Figure 5.11). The toluate/oleate-PbS absorbance exhibits a 10 nm blue shift of the excitonic 
feature relative to the oleate-PbS-2 spectrum. This observation contrasts with the minor red 
shifting of the excitonic peak during in situ ligand exchange as previously demonstrated in 
the literature, yet a convolution of electronic and etching effects may contribute to the 
observed peak shifts in the post-exchanged sample spectrum.199 Finally, the excitonic feature 
of the UDT/oleate-PbS system displays a 10 nm red shift relative to the oleate-PbS-3 
spectrum, likely resulting from electronic contributions from the sulfur 3p orbitals of the 
thiolate ligand in the Pb−S bond to the overall electronic structure of the QD, particularly to 
the highest occupied orbitals comprising the valence band.18,199  
 
Figure 5.10. UV-Visible-NIR absorbance spectra of 2.5 µM oleate-PbS QDs and mixed-
shell PbS QDs in toluene. Baselines are shifted arbitrarily to overlay; the QD samples display 
no detectable scatter.  
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5.3.2 Determination of Extinction Coefficients for Quantitative Analysis 
The absorbance spectra of our mixed-shell QDs in Figure 5.11 clearly demonstrate 
that the optical properties differ from the oleate-capped PbS QDs, with broadband 
absorbance enhancements and excitonic peak shifts occurring in the toluate- and UDT-
exchanged QD samples. While researchers often carry out in situ ligand exchange studies 
under the assumption that the concentration of QDs remains constant (i.e., precipitation of 
nanocrystals does not occur), the isolation of mixed-ligand shells after ligand exchange 
requires additional calculations to confirm QD concentrations. The widely cited 2009 study 
by Moreels et al. derived an empirical extinction coefficient at 400 nm for oleate-capped PbS 
QDs using Rutherford backscattering spectroscopy (RBS), UV-Visible-NIR absorption 
spectroscopy, and inductively coupled plasma mass spectrometry (ICP-MS).136 More 
recently, Debellis et al. established empirical relationships to calculate the extinction 
coefficients of as-synthesized and ligand-exchanged PbS QDs with diameters of 2–7 nm 
using transmission electron microscopy (TEM), density functional theory (DFT), and ICP 
atomic emission spectroscopy.209 However, such relationships may not translate perfectly 
across different ligand sets or apply at various extents of ligand exchange. We therefore 
slightly modified the experimental method of Moreels et al. to calculate the extinction 
coefficients of each oleate-PbS sample as well as the toluate/oleate, UDA/oleate, and 
UDT/oleate mixed-shell PbS samples studied herein (sample calculation provided in 
Appendix C).  
Calculation of the extinction coefficient at 400 nm (ε400) requires Beer’s law, 
A400 = ε400bc      (5.1) 
from which ε400 can be found if the absorbance value at 400 nm (A400) and the concentration 
of QDs (c) are known (b is the path length of the cuvette, 0.2 cm). For each oleate-only and 
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mixed-shell PbS sample, a UV-Visible-NIR absorbance spectrum was collected in benzene to 
determine the A400 value. Then, the QD concentration (c) in the cuvette was calculated using 
a combination of ICP-MS and XPS measurements to determine the total moles of Pb of the 
sample and the molar ratio of Pb ions per QD, respectively. To obtain the total moles of Pb in 
each UV-Visible-NIR sample, the QDs in the cuvette were completely transferred to a 
scintillation vial. The solvent was removed by evaporation and the remaining residue was 
pyrolyzed at 450 ℃ in a box furnace to decompose the organic oleate ligands and improve 
solubility of Pb2+ ions digested in concentrated HNO3. Next, ICP-MS measurements of 
appropriately diluted samples of digested QDs in ultrapure water yielded a concentration of 
Pb from which the total moles of Pb in each sample was found.  
In order to convert the total Pb concentration from ICP-MS to a concentration of QDs, 
the molar ratio of Pb ions per QD was determined. We first estimated the total number of atoms 
(N) in an approximately spherical QD using Equation 5.2 (d = diameter of the QD in nm; a = 







       (5.2) 
For the next step of the calculation, we employed XPS to determine the contributions 
of Pb and S to the total number of atoms in each QD (N). Integrations of Pb 4f and S 2p 
peaks in the XPS spectra yielded a Pb:S ratio for each sample, ranging from 1.7:1 to 2.1:1. 
(Table 5.1). These measurements fall within the range of Pb:S ratios previously reported for 
PbS QDs ca. 3 nm in diameter.22,129,144,210 The Pb-rich QD composition implied by a greater 
than 1:1 Pb:S ratio also supports passivation of surface Pb2+ ions with anionic X-type 





Table 5.1. Pb:S ratios for oleate-PbS QDs and their corresponding mixed-shell PbS QDs. 
The Pb:S ratios were obtained from atomic concentrations of Pb and S determined by XPS. 
Two data points were obtained for two separate wafers by moving the wafer to examine a 
different spot on the surface. 
 Pb:S ratios 













1 2.06 1.82 2.21 1.91 1.89 1.74 
2 1.98 - 2.16 1.96 1.84 1.66 
Wafer 
2 
1 1.88 1.83 2.01 1.88 1.79 1.72 
2 1.94 1.85 2.09 1.91 1.74 1.75 
Average ± 













aAttempts to sample additional points on wafer 1 for UDA/oleate-PbS resulted in charging. 
Point 2 was therefore omitted. 
 
Notably, care was taken to obtain an accurate Pb:S ratio for the UDT/oleate-PbS QD 
sample which excluded the sulfur contribution from the thiolate ligands. The XPS spectrum 
displayed two doublets in the S 2p region which were deconvoluted and assigned to sulfur in 
the inorganic lattice versus sulfur in the UDT ligand (Figure 5.12). The assignment of sulfur 
in the UDT ligand was verified through XPS characterization of a lead dodecanethiolate 
species. The Pb:S ratio of each inorganic lattice was used to determine the relative 
stoichiometry of Pb and S ions per QD, and the absolute number of Pb and S ions per QD 




Figure 5.11. Representative S 2p region of XPS spectrum for UDT/oleate-PbS QDs. The 
doublet positioned at 160.4 eV (Peaks A1 and A2, 160.4 and 161.6 eV, respectively) is 
attributed to sulfur in the nanocrystalline PbS lattice while the doublet at 161.3 eV (Peaks B1 
and B2, 161.3 and 162.5 eV, respectively) is attributed to Pb-bound thiolate ligands.  
Table 5.2. Pb:S ratios from XPS, calculated total atoms per QD, and calculated Pb and S 
atoms per QD using the Pb:S ratios. 
System Sample Average Pb:S 








Oleate-PbS-1 1.97 ± 0.08 681 451 230 
UDA/oleate-PbS 1.83 ± 0.02 681 441 240 
      
2 
Oleate-PbS-2 2.12 ± 0.09 493 335 158 
Toluate/oleate-
PbS 1.92 ± 0.03 493 324 169 
      
3 
Oleate-PbS-3 1.82 ± 0.06 597 385 212 
UDT/oleate-PbS 1.72 ± 0.04 597 377 220 
aCalculated using Equation 5.2 
Next, the total moles of Pb in each sample from ICP-MS was divided by the moles of 
Pb per QD from Equation 5.2 and XPS, therefore obtaining the concentration of QDs in the 
cuvette (c) using the initial volume of the UV-Visible-NIR sample. Finally, the A400 value 
168 
 
and calculated c value were utilized in Equation 5.1 to solve for the extinction coefficient at 
400 nm (ε400) (Table 5.3). 
Table 5.3. Extinction coefficients obtained for the three batches of oleate-PbS QDs and 
different mixed-shell QDs compared with calculations from the empirical sizing curve 
established in the literature.  
System Diametera 
(nm) 
Sample Average ε400b  
(M-1 cm-1) 
Lit. ε400a  
(M-1 cm-1) 
1 3.2 
Oleate-PbS-1 9.2·105 ± 4·104 7.9·105 ± 0.3·104 
UDA/oleate-PbS 9.2·105 ± 7·104 - 
2 2.9 
Oleate-PbS-2 6.5·105 ± 3·104 5.7·105 ± 0.2·104 
Toluate/oleate-PbS 7.8·105 ± 3·104 - 
3 3.1 
Oleate-PbS-3 7.6·105 ± 0.5·104 6.9·105 ± 0.3·104 
UDT/oleate-PbS 9.3·105 ± 0.4·104 - 
aDiameter of QDs and literature extinction coefficient at 400 nm with error calculated via the 
method of Moreels et al.136  bAverage ε400 values and standard deviations are calculated using 
three samples.  
 Table 5.3 shows that the average ε400 values of oleate-PbS QDs increase with 
increasing diameter, as expected from previous studies.136,209 In addition, data in Table 5.3 
highlights that our experimental method yielded extinction coefficients of oleate-capped PbS 
in good agreement with those calculated by the method of Moreels et al. Comparison 
between the ε400 values of UDA/oleate-PbS and oleate-PbS-1 confirms that minor structural 
changes in the ligand backbone far from the binding group have little effect on the optical 
properties. However, comparison of the toluate/oleate-PbS system with oleate-PbS-2 reveals 
an increase in absorptivity which we attribute to electronic coupling between the electron-
donating aryl group and the QD.93,199,209 Similarly, the introduction of UDT to the ligand 
shell also results in a marked increase in the ε400 value for UDT/oleate-PbS. As UDT 
maintains an electronically similar ligand backbone to oleate (concluded from the 
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UDA/oleate system), the difference arises from the exchange of carboxylates for thiolates. 
An increase in absorptivity with thiol-terminated ligands has been attributed to greater 
ligand–QD state mixing in the covalent surface bonding of thiolate-exchanged PbS QDs 
compared to carboxylate-capped QDs.93,199,209 These observations are collectively consistent 
with in situ ligand exchange experiments conducted on PbS QDs93,199,209 as well as the UV-
Visible-NIR absorbance spectra in Figure 5.11.  
With empirical extinction coefficients in hand, quantitative characterization of the 
mixed-ligand QD surface is possible via NMR spectroscopy. Absolute ligand coverages are 
given in Table 5.4 and are summarized as UDA(39%)/oleate-PbS, toluate(44%)/oleate-PbS, 
and UDT(49%)/oleate-PbS. These shell ratios illustrate that the mixed-ligand systems studied 
here are comprised of slightly less than 50% exchange ligand and greater than 50% native 
oleate ligand. We found that the total ligand coverage of UDA/oleate-PbS QDs increased 
slightly compared with oleate-PbS-1. While slightly greater than 1:1 exchange ratios have 
been observed when reactivity beyond pure X-type exchange occurs, the contribution of non-
X-type reactivity such as L-type binding is likely negligible for UDA.38 We also observed 
that the total ligand coverage of toluate/oleate-PbS QDs decreased compared with oleate-
PbS-2. The decrease in ligand coverage upon reaction with triethylammonium toluate is 
consistent with a slight etching of the QD surface supported by the minor blue shift observed 
in the UV-Visible-NIR spectrum (Figure 5.11). Lastly, the ligand coverage of UDT/oleate-
PbS QDs did not significantly deviate from that of oleate-PbS-3. However, this 1:1 exchange 
ratio does not confirm pure X-type exchange, as simultaneous L-type binding alongside L-
type promoted Z-type displacement may also give rise to near-1:1 exchange ratios. 
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Table 5.4. As-synthesized and ligand-exchanged PbS QD ligand coverages determined 
through integration of ligand peaks in the alkene region of 1H NMR spectra. Error bars are 











Oleate-PbS-1 203 ± 1 - 203 ± 1 
UDA/oleate-
PbS 135 ± 4 86 ± 0.3 221 ± 5 
2 2.9 
Oleate-PbS-2 151 ± 2 - 151 ± 2 
Toluate/oleate-
PbS 74 ± 3
 60 ± 6 135 ± 9 
3 3.1 
Oleate-PbS-3 175 ± 8 - 175 ± 8 
UDT/oleate-
PbS 92 ± 3
 88 ± 1 180 ± 4 
 
5.3.3 Comparing Surface Charging of Mixed-Shell Batches with Cobaltocene 
The reactivity of QD surfaces with excess charge via remote chemical doping 
(charging) has been recently demonstrated; displacement of native X-type oleate ligands in 
response to surface charging has been reported in CdSe and PbS QD systems (Scheme 
5.3).203,204 However, there have been no comparable studies as of yet investigating how this 
reactivity changes with non-oleate ligands. It is therefore of interest to compare the surface 
reactivity of the mixed-shell and oleate-capped PbS systems presented herein. In particular, 
studies of a short and conjugated ligand (toluate) and of a thiolate ligand (UDT) are expected 
to provide device-relevant insight as native oleate ligands are commonly exchanged for these 





Scheme 5.3. General mechanism of electron-promoted X-type ligand displacement induced 
upon metal chalcogenide (ME) QD surface charging  
 
To probe the reactivity of the different mixed-shell systems upon surface charging, 
we performed systematic titrations by adding up to 500 eq. of the molecular reductant 
cobaltocene (CoCp2, E°′ = −1.3 V vs. Fc+/0) to the QDs, monitoring reactivity with 1H NMR 
spectroscopy. Samples for NMR spectroscopy analysis were allowed to equilibrate for 4 
hours prior to NMR measurements and then monitored over the course of several days (up to 
123 hours). Samples were monitored over time in order to assess long-term QD stability in 
the presence of excess charge, and because of the previously identified slow equilibration 
between CoCp2 and surface sites.204 Complementary UV-Visible-NIR absorbance 
spectroscopy studies were also performed to gauge charging of surface versus band edge 
states; typically surface charging manifests as a minor red shift of the excitonic absorbance 
feature whereas band edge state charging is associated with a significant loss in excitonic 
absorbance.96,203,204,211 The viability of this approach for investigating surface charging has 
been demonstrated previously.203,204 Below we compare the reactivity observed for oleate-
capped QDs and each mixed-shell system.  
5.3.3.1 Oleate-PbS QDs 
 To establish the reactivity of the native oleate-capped PbS QDs with addition of 
excess charge, oleate-PbS-1, -2, and -3 were studied before and after addition of CoCp2. The 
addition of excess CoCp2 (100 or 500 eq.) leads to the loss of surface-bound oleate ligands 
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yet maintains colloidal stability, consistent with previous reports (Figure 5.13a).204 The loss 
of bound oleate ligands is quantified via NMR spectroscopy through the loss of integration of 
the broad resonance at 5.65 ppm, corresponding to the alkene protons on the surface-bound 
oleate ligands, relative to the internal standard 1,3,5-trimethoxybenzene. Concurrent with 
loss of the bound ligand feature, there is growth of a sharp resonance at 5.45 ppm that 
corresponds to the emergence of free (i.e., unbound) oleate ligand (Scheme 5.3). We also 
observe the emergence of a broad resonance at 6.2 ppm assigned as cyclopentadienyl protons 
of the oxidized cobaltocenium (CoCp+2), presumably charge balancing displaced oleate 
ligands as [CoCp2][oleate].204  
 
Figure 5.12. Stacked 1H NMR spectra for QDs of each ligand system (46 µM) without and 
in the presence of 500 eq. CoCp2 after 123 hours in toluene-d8. The NMR region from 6.5 to 
7.6 ppm was omitted to improve visual clarity by removing the significant solvent residual. 
(*) indicates peak assignment to the internal standard 1,3,5-trimethoxybenzene. The light 
gray box highlights the free oleate ligand peak observed across all spectra.  
 Each of the oleate-PbS QD batches shows an increasing proportion of free oleate 
ligand with increasing equivalents of CoCp2 added, as well as continued gradual oleate loss 
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over time (Figure 5.14). Quantification of the extent of oleate loss with 500 eq. CoCp2 at the 
end of the study (123 hours) revealed 11.6 ± 5.1, 9.8 ± 2.3, and 14.7 ± 0.6% displacement of 
native oleate ligands from oleate-PbS-1, -2, and -3, respectively (Figure 5.15). We attribute 
the slight differences in the extent of oleate displacement among these native oleate-capped 
QDs to minor differences in QD size and batch-to-batch heterogeneities. These differences 
are consistent with previous studies of oleate-capped PbS QDs reacted with CoCp2 that 
showed minor variations among similarly sized QD batches.204 Finally, UV-Visible-NIR 
absorbance studies revealed a 2–4 nm red-shift of the excitonic absorbance feature, providing 
further evidence of surface charging with added CoCp2 (Figure 5.16).204 Overall, the study 
of these oleate-capped PbS QDs provides a point of comparison for studies of the mixed-
shell QD systems.  
  
Figure 5.13. Quantification of oleate ligand displaced over time in native oleate-capped QD 





Figure 5.14. Quantitative 1H NMR spectroscopy analysis of the reactivity of oleate-capped 
and mixed-shell QD systems with surface charging. Bar graph displays the percentage of 
initially bound ligand that is displaced upon addition of 500 eq. CoCp2 after 123 hours. Data 
shown are the average values (± standard deviation in error bars) from running the 
experiments in triplicate. 
 
Figure 5.15. UV-Visible-NIR absorption spectra of a) oleate-PbS-1, b) oleate-PbS-2, and c) 
oleate-PbS-3 in toluene (2.5 µM) with added excess CoCp2. We observe 4 nm, 2 nm, and 2 






5.3.3.2 System 1 – UDA/oleate-PbS  
The effect of added CoCp2 on the UDA/oleate-PbS mixed-shell system was studied as 
described above to compare with the reactivity of oleate-PbS-1. Because UDA and oleate are 
both structurally similar long-chain alkyl carboxylates, we anticipated that the UDA/oleate 
system would show comparable reactivity to oleate-PbS-1. In comparing the degree of ligand 
displacement induced with added CoCp2, we find that this is indeed the case. Similar to 
oleate-PbS-1, the UDA/oleate-PbS system displays gradual displacement of both oleate and 
UDA ligands with an increasing excess of CoCp2 added (Figure 5.13b) as quantified by 
fitting the distinct bound and free ligand NMR resonances (Figure 5.17). The QDs appear to 
be stable even in the presence of excess charge and continue to show gradual ligand loss over 
time (Figure 5.18). After 123 hours in the presence of 500 eq. CoCp2, we observe a total 
ligand loss of 10.7 ± 0.9 % (7.2% from oleate and 3.5% from UDA) (Figure 5.15) wherein 
both displaced oleate and UDA appear to be lost concurrently. Complementary Visible-NIR 
absorbance studies of the UDA/oleate-PbS QDs with added CoCp2 show a minor red shift (2 
nm) and slight loss in the excitonic absorbance (Figure 5.19). The changes seen in the 
absorbance spectra upon adding CoCp2 qualitatively agree with those of the oleate-PbS-1 
QDs, suggesting that there is not a significant change in the electronic structure or surface 




















































Figure 5.16. Multipeak fitting functions of the bound and free ligands shown here for 
UDA/oleate-PbS QD with 500 eq. CoCp2 added after 123 hours. The original spectrum is 
shown in the black trace, the fits are shown as blue traces with the sum shown as a pink trace. 
Bound oleate was fit to a single peak located at 5.63 ppm and free oleate was fit to a single 
peak at 5.46 ppm. Bound UDA was calculated by averaging the broad peak at 6.00 ppm 
(alkene CH, 1H) and the four peaks between 5.26 and 5.10 ppm (alkene CH2, 2H), 
normalized to the same number of protons. Free UDA was calculated by averaging the broad 
peak at 5.80 ppm (1H) and the two peaks at 5.03 and 4.98 ppm (2H), normalized to the same 
number of protons. The residual of the fit is shown in red. Peaks at 5.68 ppm and the triplet at 
4.93 ppm are minor impurities. 
 
Figure 5.17. Quantification of ligand displaced in oleate-PbS-1 (black) and UDA/oleate-PbS 
(pink) batches with 500 eq CoCp2 added over time (average values from triplicate runs ± 




Figure 5.18. Visible-NIR absorption spectrum of UDA/oleate-PbS in toluene (2.5 µM) with 
added excess CoCp2. We observe a 2 nm red shift and minor loss of absorbance with added 
CoCp2. 
The very comparable response to added CoCp2 between the UDA/oleate-PbS (10.7 ± 
0.9% ligand loss) and oleate-PbS-1 QDs (11.6 ± 5.1% ligand loss) agrees well with our 
predictions of similar reactivity for two long-chain alkyl carboxylates such as UDA and 
oleate. However, there is a slight difference in the relative proportions of oleate versus UDA 
displaced from the surface. Less UDA is displaced relative to the amount of initially bound 
UDA (8.7 ± 0.83% UDA displaced of total UDA bound) compared with oleate displaced 
relative to the starting amount of bound oleate (11.9 ± 1.8% oleate displaced of total oleate 
bound) (Figure 5.20). The observed X-type displacement may be convoluted by differences 
in relative subpopulations of exchanged UDA that have different binding modes or that bind 
to different facets compared with native oleate, but overall demonstrates similar reactivity of 
surface-bound UDA and oleate. These results demonstrate that long-chain alkyl carboxylates 




Figure 5.19. Quantification of the amount of displaced oleate (red, normalized to the starting 
amount of bound oleate) versus displaced UDA (blue, normalized to the starting amount of 
bound UDA) in UDA/oleate-PbS with 500 eq CoCp2 added over time (average values from 
triplicate runs ± standard deviation).  Lines connecting data points are a guide to the eye. 
5.3.3.3 System 2 – Toluate/oleate-PbS   
Having established that alkyl carboxylate ligands such as oleate and UDA show 
similar surface reactivity with added charge, we next sought to examine the effect of varying 
the ligand backbone while maintaining the carboxylate binding group. To do so, we studied 
PbS QDs with a mixed-shell composition of toluate and oleate ligands (toluate/oleate-PbS). 
1H NMR spectra indicate toluate and oleate ligands are displaced over time with added 
CoCp2 (Figure 5.13c, Figure 5.21, Figure 5.22). However, significant differences arise in 
both the NMR and UV-Visible-NIR absorbance spectra of the toluate/oleate-PbS QDs 
compared with the oleate- and UDA/oleate-PbS systems discussed above. Analysis and 
interpretation of these spectral differences were critical toward our aim of quantitatively 
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Figure 5.20. Toluate/oleate-PbS QDs in toluene-d8 with 100 eq. CoCp2 added at 4 hours 
(red), 24 hours (green), 48 hours (blue) and 123 hours (purple). Over time the sharp free 
toluate peak at 8.3 ppm shifts downfield.  
 
Figure 5.21. Quantification of free ligand in oleate-PbS-2 (blue) and free toluate (green) and 
free oleate (red) in toluate/oleate-PbS batches over time with 500 eq. CoCp2 added (average 
values from triplicate runs ± standard deviation). Lines connecting data points are a guide to 
the eye.  
 First, qualitative observations from the NMR spectra of the toluate/oleate-PbS QDs in 
the presence of CoCp2 indicate markedly different reactivity for this system. Specifically, we 
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observe an upfield shift of the broad peak assigned to CoCp+2; this resonance appears at ca. 
5.2 ppm in the toluate/oleate-PbS system, compared with 6.2 ppm in the oleate-PbS QDs. 
The upfield shift of the CoCp+2 peak may be a result of ring current effects upon ion pairing 
with displaced toluate anions.212 Furthermore, upon addition of reductant, the toluate 
resonance at 8.2 ppm narrows and shifts 0.1 ppm downfield (Figure 5.13d). As described 
below, we interpret the narrowing and downfield shift observed in the toluate ligand 
resonance as indicative of toluate displacement.  
 UV-Visible-NIR absorbance spectroscopy studies also show qualitative distinctions 
between the toluate/oleate-PbS QDs and the other QD systems. With added reductant, a 10 
nm red shift is observed (Figure 5.23). This dramatic optical response is suggestive of a 
Stark effect or Coulombic repulsion from an induced electric field at the QD surface caused 
by localized charges. Taken together, the NMR and UV-Visible-NIR absorbance spectra 
indicate that the toluate/oleate-PbS QDs experience a greater degree of surface charging than 
oleate- and UDA/oleate-PbS QDs. Consistent with this observation, the toluate/oleate-PbS 
system is not stable over long timescales with excess CoCp2; after 24 hours traces of a fine 
black precipitate were observed in samples containing reductant. This is perhaps due to 
increased polarization of the surface upon charging, consistent with the application of short, 




Figure 5.22. UV-Visible-NIR absorption spectrum of toluate/oleate-PbS in toluene (2.5 µM) 
with added excess CoCp2. We observe a 10 nm red shift with added CoCp2. 
 As shown in Figure 5.13c, the aryl feature of the toluate ligand narrows and shifts 
downfield when reductant is added to toluate/oleate-PbS QDs. This is in contrast with the 
appearance of two distinct resonances upon adding reductant to the oleate- and UDA/oleate-
PbS QDs corresponding to bound and free alkyl ligands (Figure 5.13a,b). In the case of the 
toluate/oleate-PbS QDs, however, control studies adding excess triethylammonium toluate 
ligand reveal that the presence of free ligand in this system indeed results in a single shifted 
and narrowed aryl resonance rather than two distinct sets of ligand peaks (Figure 5.24). In 
light of the lack of two separate, easily resolvable features, typical peak fitting methods to 










Figure 5.23. Toluate/oleate-PbS in toluene-d8 with added TEAH+ toluate ligand showing 
sharpening and shift up field with added free ligand: 0 eq. TEAH+ toluate (green), 5 eq. 
TEAH+ toluate (red), 15 eq. TEAH+ toluate (blue), 40 eq. TEAH+ toluate (purple). Inset: 
Zoom-in of toluate ligand peak. 
 To first determine if the narrowing and downfield shift observed in Figure 5.13c 
indicates dissociated toluate ligand in response to added CoCp2, a sample of toluate/oleate-
PbS QDs reduced with CoCp2 was precipitated from solution using acetonitrile and acetone 
antisolvents. The antisolvent supernatant, anticipated to contain cobaltocenium toluate if 
added charge displaces the toluate ligands, was analyzed by 1H NMR spectroscopy. Indeed, 
free toluate ligand was detected in the supernatant (Figure 5.25). This finding provided 
confidence that the sharpening and downfield shift of the toluate NMR resonance with added 
CoCp2 is indicative of toluate displacement from the surface. Interestingly, the displacement 
of free ligand in this system leads to a downfield shift of the toluate NMR resonance; this is 
in contrast with typical observations of free ligand appearing upfield of bound ligand 
resonances.16 We anticipate that the observed downfield shift is caused by significant 
electronic interactions of freed ligand with excess charge localized at the QD surface, 
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consistent with our finding of significant surface charging from UV-Visible-NIR absorbance 
studies. We therefore fit the aryl resonance consistently to two overlapping features. The 
resonance fixed at 8.2 ppm was assigned to bound toluate and the peak allowed to float 
between 8.3–8.4 ppm was assigned to free toluate (Figure 5.26).   
 
Figure 5.24. 1H NMR of supernatant from isolating free toluate ligand from reduced QDs 
through precipitation in acetonitrile-d3. Paramagnetic cobaltocene was detected at ca. −44 


















Figure 5.25. Multipeak fitting functions of the bound and free ligands shown here for 
toluate/oleate-PbS QD with 500 eq. CoCp2 added after 123 hours. The original spectrum is 
shown in the black trace, the fits are shown as blue traces with the sum shown as a pink trace. 
The residual of the fit is shown in red. Bound oleate was calculated through subtraction of 
the broad CoCp+2 resonance at 5.1 ppm and the sharp free oleate resonance at 5.46 ppm from 
the total integration of the region between 5.9 and 4.8 ppm (shown by green bar). Due to the 
asymmetry of the bound oleate peak, we found this method gave the most consistent total 
oleate integration over time and across samples. Bound toluate was fixed 8.2 ppm, consistent 
with the peak shift of toluate/oleate-PbS QDs in the absence of CoCp2. The free toluate 
feature was allowed to float, and was fit to a sharper feature at 8.37 ppm.  
 Careful fitting of 1H NMR spectra reveal that, unlike in the UDA/oleate-PbS mixed-
ligand system, there appears to be a significant preference for loss of the exchange ligand 
(toluate) over native oleate ligands (Figure 5.15). Interestingly, unlike the oleate-PbS and 
UDA/oleate-PbS QDs that show gradual ligand loss over a period of days, the toluate/oleate-
PbS QDs show a significant amount of toluate loss (ca. 10-15%) within the first 4 hours of 
reactivity with added reductant (Figure 5.22). This more expeditious and dramatic ligand 
dissociation in the toluate/oleate-PbS system suggests that these QDs reach equilibrium with 
excess CoCp2 more rapidly than the long-chain alkyl carboxylate-capped QDs.  
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 Quantification of toluate and oleate loss by 1H NMR spectroscopy indicate that 29% 
of initially bound ligand (27% from toluate loss and 2% oleate loss) is displaced upon 
reaction with CoCp2, with added charge preferentially promoting displacement of toluate 
over oleate. The preference for toluate displacement may be rationalized by considering 
differences in the binding strength of the toluate versus oleate ligands at PbS QD surfaces. 
Based on relative Lewis basicity, the toluate ligands are expected to be less effective donors 
to Lewis acidic Pb2+ surface ions compared with the more basic oleate; this is reflected in the 
large difference in pKa of the conjugate acid of toluate (pKa ~4) compared with oleate (pKa 
~9.85).213,214 This difference in basicity of each ligand is anticipated to weaken the bond 
stabilization of the toluate ligands to surface Pb2+ relative to that of the oleate ligands, which 
could lead to preferential cleavage of the toluate–Pb bond upon Pb2+ ion reduction by CoCp2. 
In other words, because the toluate ligands are less donating, the toluate-bound Pb2+ ions are 
expected to be more electron-poor than oleate-bound Pb2+ ions. We anticipate that this would 
result in the toluate-bound Pb ions being more readily reduced than oleate-bound Pb ions and 
thus being a more thermodynamically favored state to trap charge. This may in part explain 
both the preference for toluate dissociation over oleate dissociation as well as the minimal 
amount of oleate loss overall compared with the oleate-PbS and UDA/oleate mixed-shell 
QDs.  
 Finally, the overall ligand displacement of toluate/oleate-PbS QDs is substantially 
higher compared with the oleate- and UDA/oleate-PbS QDs; as noted, after 123 hours in the 
presence of 500 eq. CoCp2, we observe a loss of 29% of the total initially bound ligands 
(Figure 5.15) compared to only ca. 10–15% ligand loss in the oleate-PbS and UDA/oleate-
PbS QDs. We interpret this as an indicator of the relative energetics of oleate- vs. UDA- vs. 
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toluate-bound Pb2+ states. Consistent with the preferential displacement of toluate over OA 
described above, the greater degree of ligand displacement in the toluate/oleate-PbS QDs 
may result from the toluate-bound Pb2+ ions being lower in energy than the oleate-bound 
Pb2+ species or other spectroscopically silent surface states that may accept excess charge 
(i.e., disulfide defects).204 A lower relative energy of the toluate-bound Pb2+ ions would result 
in more electron trapping at these surface sites, consistent with higher degrees of ligand 
displacement. While subjectivity may be inherent to multipeak NMR fitting of the 
overlapping toluate aryl resonances, within two extreme bounds of fitting we estimate an 
error of 5% in our reported fits. Within the range of 20–30%, however, the toluate/oleate-PbS 
QDs lose measurably more bound ligand than the other systems explored herein.  
In sum, the toluate/oleate-PbS system demonstrates that changing the surface capping 
ligand backbone from a long alkyl chain to a short, conjugated moiety can dramatically affect 
reactivity of the QD surface with charging. We propose that the observed preference for 
toluate loss over native oleate displacement results from differences in electron donation 
from the ligand to the surface Pb2+ ion, and therefore different energetics for the electron trap 
states localized at toluate–Pb and oleate–Pb sites. The greater propensity for toluate 
dissociation over oleate with added reductant may contribute to the diminished stability of 
the toluate/oleate-PbS system.  
5.3.3.4 System 3 – UDT/oleate-PbS 
 To probe the impact of changing the ligand binding group on QD surface reactivity 
with added charge, we studied the UDT/oleate-PbS QDs upon addition of excess CoCp2. The 
UDT ligand conveniently allows us to isolate differences in reactivity that are induced solely 
by the thiolate versus carboxylate ligand binding groups; the structurally identical ligand 
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backbones of UDT and UDA ensure that any differences observed in reactivity between 
UDT/oleate-PbS and UDA/oleate-PbS QDs with added CoCp2 are due to the difference in 
binding group. As discussed above, samples of UDT/oleate-PbS QDs contained a small 
fraction of unbound UDT and a minor amount of disulfide that we were unable to remove 
even with multiple post-exchange purification steps. However, we did not detect any reaction 
between the free thiol and disulfide with added CoCp2—NMR titrations show a minor 
increase in the amount of disulfide present over time rather than reduction of the disulfide 
bond to form [CoCp+2][RS−]. Similar to oleate-PbS-3 and the mixed-shell systems discussed 
above, and quantified by NMR fitting (Figure 5.27), addition of excess CoCp2 results in a 
gradual displacement of initially bound ligands that increases over time and with the amount 
of CoCp2 added (Figure 5.13d, Figure 5.28). Specifically, after 123 hours with 500 eq. 
CoCp2 added, 8.4 ± 0.6% of the total ligand was displaced (Figure 5.15). Interestingly, the 
displaced ligands were exclusively oleates, appearing as a sharp peak at 5.45 ppm in Figure 
5.13d; no increase in the free UDT ligand resonances were observed over time. The 
reactivity of UDT/oleate-PbS with CoCp2 was also assessed by Visible-NIR absorbance 
spectroscopy (Figure 5.29). The spectra of the UDT/oleate-PbS QD system shows a minor 
red shift (1 nm) upon addition of CoCp2—similar to that observed with oleate-PbS-3 and 












































Figure 5.26. Multipeak fitting functions of the bound and free ligands shown here for 
UDT/oleate-PbS QD with 500 eq. CoCp2 added after 123 hours. The original spectrum is 
shown in the black trace, the fits are shown as blue traces with the sum shown as a pink trace. 
Bound oleate was fit to two peaks located at 5.65 and 5.58 ppm and free oleate was fit to a 
single peak at 5.46 ppm. Bound UDT was calculated by averaging the broad peak at 5.98 
ppm (alkene CH, 1H) and the two peaks at 5.20 and 5.12 ppm (alkene CH2, 2H), normalized 
to the same number of protons. Free UDT was calculated by averaging the broad peak at 5.80 
ppm (1H) and the four peaks between 5.07 and 4.97 ppm (2H), normalized to the same 
number of protons. The residual of the fit is shown in red. Peaks at 6.06 ppm and the triplet at 
4.93 ppm are minor impurities. 
 
Figure 5.27. Quantification of free ligand in oleate-PbS-3 (black) and UDT/oleate-PbS 
(yellow, blue) batches with 500 eq CoCp2 added over time (average values from triplicate 
runs ± standard deviation). Importantly, the amount of free UDT at time = 0 remains 




Figure 5.28. Visible-NIR absorption spectrum of UDT/oleate-PbS in toluene (2.5 µM) with 
added excess CoCp2. We observe a 1 nm red shift and minor loss of absorbance with added 
CoCp2. 
 The observation that UDT is not lost from the surface upon addition of CoCp2 
indicates that the change in binding functional group from a carboxylate to a thiolate results 
in a distinct change in reactivity compared with the oleate- and UDA/oleate-PbS systems. 
This distinct reactivity may arise from differences in ligand binding mode between the 
UDT/oleate-PbS and oleate-PbS-3 QDs. A mixture of X-type thiolate and L-type thiol 
binding may comprise the bound UDT at the QD surface, as thiols are known to be able to 
bind in both modes.58,207 Our data show that the ligand coverages of oleate-PbS-3 and 
UDT/oleate-PbS remain the same within error (Table 5.4), which may support X-type 
thiolate binding at the surface. Raman analysis of the UDT/oleate-PbS QDs in an effort to 
identify S–H thiol stretches was inconclusive due to significant background signal (Figure 
5.30); thus, we cannot definitively rule out the possibility of bound L-type UDT (RSH). 
While anionic X-type UDT (RS−) could potentially be displaced with surface charging in 
order to maintain charge balance, L-type ligands are not anticipated to be displaced via an 
electron-promoted mechanism.32,203 Notably, the presence of X-type versus L-type binding of 
190 
 
UDT is not readily distinguished by NMR spectroscopy, and the complexity of UDT binding 
modes remains to be elucidated through further studies.   
 
Figure 5.29. (left) The Raman band at 2577 cm-1 is attributed to the S–H vibration of undec-
10-ene-1-thiol (UDT). (right) Raman measurements of UDT/oleate-PbS QDs did not show 
evidence of this S–H stretch.  
 A second explanation for the observed preference for oleate over UDT displacement 
upon charging is based on differences in the relative binding strengths of each ligand. 
Thiolates have been established to bind tightly to CdSe and PbS QDs.39,191 The greater 
binding strength of thiolates compared with carboxylate ligands has been rationalized in 
several ways.39,191,215,216 The more favorable binding of soft thiolate ligands with soft Lewis 
acids such as Cd2+ or Pb2+ compared with hard carboxylate ligands is well explained by hard-
soft acid-base theory. Additionally, the slightly higher bond dissociation energy of Pb–S 
bonds (398 kJ/mol) compared with Pb–O bonds (382 kJ/mol) is in agreement with an 
enhanced binding strength of thiolates.217 A similar argument may be made using the relative 
basicity of alkyl thiolates versus alkyl carboxylates. Thiols such as dodecanethiol have 
predicted pKa values of ~10.5 whereas oleic acid has a reported pKa of ~9.85.213,214 The 
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slightly higher pKa of the thiol reflects greater Lewis basicity of UDT and is consistent with 
its binding of Pb2+ surface ions more tightly than oleate ligands bind Pb2+ ions.213  
Clearly, the impact of a binding ligand with significant electronic contributions from 
the ligand backbone or binding group may impact the energetics of the Pb–X surface state. 
We found that toluate-Pb states are thermodynamically more favorable to reduce than oleate-
Pb states; conversely, we infer from our 1H NMR spectroscopy data that thiolate-Pb states 
are less favorable to reduce in the presence of CoCp2. In addition, oleate dissociation from 
UDT/oleate-PbS is noticeably lower (8.4 ± 0.6% total oleate loss) than oleate loss from 
oleate-PbS-3 (14.7 ± 0.6% total oleate loss). This suggests that the presence of bound thiolate 
ligands may perturb the energies of the oleate-Pb2+ ions in the mixed thiolate/carboxylate 
system. Alternatively, excess charge from CoCp2 may localize in spectroscopically silent 
states more readily on the UDT/oleate-PbS QDs, contributing to the lesser extent of oleate 
loss. Overall, the comparison of the UDT/oleate-PbS system with the native oleate-capped 
QDs suggests that thiolate ligands are more strongly bound to surface Pb2+ sites than native 
oleate ligands and that thiolate-capped QDs may be more resilient to displacement and defect 
formation caused by surface charging. Importantly, although UDT and UDA have identical 
long-chain alkyl backbones, the surface binding group of each ligand (thiolate versus 
carboxylate) clearly influences the stability of surface Pb2+ ions toward reduction. 
5.4 Conclusions  
 Mixed-shell PbS QDs were prepared from oleate-capped PbS QDs using exchange 
ligands with prominent 1H NMR spectroscopic handles to quantify bound and free ligand 
populations in the post-exchanged systems and upon charging with CoCp2. Investigations of 
the surface electronic structure of the mixed-shell systems through UV-Visible-NIR 
absorbance and IR spectroscopies showed evidence that broadband absorption across the 
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UV-Visible range is indeed enhanced by the addition of device-relevant ligand 
functionalities, including thiolate binding groups and conjugated aryl backbones. A method 
combining ICP-MS, UV-Visible-NIR, and XPS was also developed to obtain extinction 
coefficients for mixed-ligand systems, a necessary step toward quantifying the reactivity of 
post-exchanged QDs with CoCp2. Charging of the UDA/oleate, toluate/oleate, and 
UDT/oleate-PbS QD systems with CoCp2 demonstrated that X-type carboxylate ligands with 
aryl backbones are most likely to be displaced in the presence of excess electrons, followed 
by alkyl carboxylates, and finally thiolates. We attribute these observations in large part to 
differences in ligand binding strength and pKa values of the ligand conjugate acids. 
Additionally, the differing degrees of ligand displacement may serve as a reporter on the 
relative energetics of the resulting Pb–X surface state.  
In sum, this work demonstrated that the extent of ligand exchange in colloidal QD 
solutions can be exploited to attain mixed-shell compositions with near stoichiometric 
populations of two distinct ligands. Together, these systems enabled extensive comparisons 
to study the properties of nanocrystals, in both the presence and absence of excess reductant. 
Our work suggests that devices employing exchange ligands with short, conjugated 
backbones or with low binding affinities may degrade over time in electron-rich 
environments, yet strongly bound groups such as thiolates appear robust under such 
conditions. While it is important to recognize the limitations of translating our observations 
in colloidal samples directly to solid state devices, this work provides meaningful insight into 







APPENDIX A: THEORETICAL CALCULATIONS OF PB:S RATIO 
Pb:S stoichiometry calculations utilize an inorganic core with a 1:1 Pb:S ratio and surface 
Pb2+ ions that are estimated as half of the number of oleates quantified by 1H NMR (2 oleates 
per Pb2+ ion for charge balance). For rock salt PbS, the molar volume is 19.12 PbS/nm3.114  
 
O-PbS: The volume of QDs can be calculated based on the diameter derived from UV-
Visible-NIR analysis (d=3.05 nm). The number of PbS units can then be calculated from the 








(19.12 PbS units nm−3) = 284 PbS units 
Based on the surface oleate coverage of 83.8 oleates/QD—determined from the surface area 
of the QD and the average oleate coverage given in Table 2.1—and a 2:1 oleate:Pb ratio for 
charge balance, an estimated 42 Pb atoms are on the surface. To determine the Pb:S ratio, the 
nanocrystal stoichiometry includes an estimated 42 additional Pb ions, either as Z-type 
ligands or as part of a non-stoichiometric core. To determine the Pb:S ratio, the additional Pb 
atoms are added to the 284 core Pb atoms and divided by the number of sulfur atoms to give 
42 surface Pb + 284 core Pb
284 S
= 1.15 Pb: S 
From these calculations, O-PbS has a Pb:S ratio of 1.15 and HS-PbS has a Pb:S ratio of 1.16. 
The discrepancy between theoretical calculations and experimental values of Pb:S ratios may 
arise from approximating the surface area of (111) and (001) rock salt crystal facets as equal 
to the surface area of a sphere. In addition, it has been shown that X-type hydroxide ions can 
coordinate to the surface of oleate-capped PbS QDs during synthesis due to the formation of 
water in the reaction of PbO and oleic acid.80,161 If hydroxide ions have coordinated to the 
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PbS QDs, a 2:1 oleate:Pb2+ ratio will be an overestimation and additional Pb2+ ions are likely 
present that are not accounted for when calculating the number of additional Pb2+ ions based 
on the quantification of OA. Thus, the imposed charge balance restriction on the above 






















APPENDIX B: ONE-SITE AND TWO-SITE DISPLACEMENT ISOTHERM 
DERIVATIONS 
B.1. One-Site Displacement Isotherm 
The formalism we employ to describe the equilibrium of a Z-type complex between the NC 
surface and L-type donors in solution is written where Z-type displacement occurs in the 
forward reaction (Equation B.1). By writing our reaction in this way, we obtain equilibrium 
constants that give insight into the thermodynamics governing the displacement of Z-type 
complexes from Lewis basic chalcogenide sites by L-type donors. This formalism differs 
from the Z-type binding reaction used by Beaulac and coworkers to analyze CdSe NC 
surface chemistry, in which Z-type binding in the forward reaction was employed to study 
the stability of bound Z-type ligand populations. With this difference between our approach 
and that of Beaulac and coworkers in mind, we detail our full derivation of the one-site 
binding isotherm equation below.35  







                B.2 
The total number of sites, N, is defined as the sum of vacant and occupied sites per 
nanocrystal, given in Equation B.3.  
𝑁𝑁 = [B]+[B−PbX2]
[NC]
     B.3 
Rearranging this equation yields the following equation: 
[B] = 𝑁𝑁[NC] − [B − PbX2]     B.4 
Substituting [B] into Equation B.2 provides an expression for Keq using measurable terms—





     B.5 
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Combining [B–PbX2] terms yields Equation B.6: 
[B − PbX2]�𝐾𝐾eq𝜑𝜑 + 1� = 𝑁𝑁[NC]    B.6 
 
Rearranging yields Equation B.7: 
[B − PbX2] =
𝑁𝑁[NC]
�𝐾𝐾eq𝜑𝜑+1�
    B.7 





     B.8 
Taking the reciprocal yields Equation B.9, which can be applied to the data to yield values 







      B.9 
B.2. Two-Site Displacement Isotherm 
The two-site displacement isotherm equation is obtained by adding one-site equations as 
obtained in part B.1. More than two one-site equations can be combined to yield additional 
multi-site equations, which are not considered here. 
Using the one-site equations as described by Equations 3.9 and 3.10 in Chapter 3.3.3 and the 











�   B.10 
Simplifying Equation B.10 using the relation between B1-PbX2 and B2-PbX2 given in 












  B.11 







    B.12 





     B.13 
Taking the reciprocal yields Equation B.14, which can be evaluated using data analysis 








     B.14 
 
B.3. Limiting Linear Regimes of Two-Site Displacement Isotherm 
The limiting linear regimes of the two-site equation (B.14) as φ approaches zero and infinity 
give insightful information. First, as φ approaches zero, we can evaluate mathematically the 
slope and y-intercept of the linear regime, showing that the intercept is approximately 1/Ntot. 
Second, as φ approaches zero, evaluation of the limiting linear regime indicates that the two-
site equation is approximated as the one-site equation for B2 sites. 
 





     B.15 
 
The linear regimes are given by: 
 
𝑓𝑓0(𝜑𝜑) = lim𝜑𝜑→0 𝑓𝑓(𝜑𝜑) =  𝑎𝑎0 + 𝑏𝑏0𝜑𝜑     B.16 
𝑓𝑓∞(𝜑𝜑) = lim𝜑𝜑→∞𝑓𝑓(𝜑𝜑) =  𝑎𝑎∞ + 𝑏𝑏∞𝜑𝜑     B.17 
The terms b0 and b∞ are determined by evaluating the limits of the first derivative of f(φ) at 
zero and infinity, respectively. The term a0 is obtained by evaluating f(0). The term in the 




𝑎𝑎∞ = lim𝜑𝜑→∞[𝑓𝑓(𝜑𝜑) − 𝑏𝑏∞𝜑𝜑]      B.18 
 
For K1 ≫ K2, the linear regimes are approximated by: 
 





𝜑𝜑     B.19 



























APPENDIX C: SAMPLE CALCULATION OF EXTINCTION COEFFICIENTS 
First, a sample of QDs with known volume (600 µL) but unknown concentration was 
prepared in a 2 mm cuvette. Although the concentration was unknown, rough calculations of 
the anticipated QD concentration allowed for preparation of a sample for UV-Visible-NIR and 
ICP-MS analysis. The QD concentrations selected in this study both i) provide absorbance 
spectra with observable excitonic peaks and ii) allow for few serial dilutions to achieve Pb 
concentrations appropriate for ICP-MS.  
A UV-Visible-NIR absorbance spectrum was collected and the A400 value was 
determined as shown:  
 
The contents of the cuvette were carefully and completely rinsed with pentane into a 
20 mL scintillation vial and allowed to evaporate in a fume hood under air stream (previously, 
rotary evaporation had caused the sample to bump, which disrupted quantitative transfer and 
analysis of the sample). Next, the sample was pyrolyzed in the same vial in a box furnace at 
450 ℃ for 30 min and allowed to cool to room temperature. Then, 0.5 mL of TraceMetals 
grade HNO3 was added to the sample and allowed to digest for a minimum of 4 hours. The 
sample was diluted with Millipore water and filtered through a pipette filter into a 10 mL 
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volumetric flask to remove insoluble pyrolyzed organic particulates. The sample was 
transferred to a 15 mL centrifuge tube, and serial dilutions were performed to attain a 
concentration 250× more dilute than the initial sample. Pb concentrations of the 250× diluted 
samples were measured between 30 and 60 ppb Pb by ICP-MS.  
The sample given in the UV-Visible-NIR spectrum above is from the oleate-PbS-2 QD 
batch, and had a Pb concentration of 42 ppb. Since this sample had been diluted by 250×, the 
product of 42×250 yields the Pb concentration of the initial sample prepared in the 10 mL 
volumetric flask, 1.0·104 ppb Pb. Converting from ppb Pb to moles of Pb yields 5.1·10-7 mol 
total Pb, as follows: 
1.0 · 104 ppb =












= 5.1 · 10−7 mol Pb in volumetric flask 
Using Equation 4.2 gives the total number of Pb and S ions in each QD: 








= 493 total Pb + S per QD 
The Pb:S ratio taken from Table 5.1 for this set of QDs is 2.12 Pb:S. This is used to solve for 





2.12S = Pb 
The equation for total atoms is: 
Pb + S = N 
Substituting 2.12S into the equation for total number of atoms allows one to solve for S: 
2.12S + S = N 
3.12S = 493 
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S = 158 
Next, Pb per QD is calculated: 
493 − 158 = 335 Pb 
The numbers of Pb and S ions per QD are given in Table 5.2 for all batches.  
The next step in the calculation of the concentration of QDs in the cuvette is to combine 
the molar ratio of 335 Pb ions per QD with the total moles of Pb determined via ICP-MS: 






= 2.5 ∙ 10−6 M = c 
With the concentration of QDs, 2.5∙10-6 M, and the A400 value of 0.31 from the UV-Visible-
NIR spectrum above, Beer’s law is finally employed to determine the molar extinction 
coefficient at 400 nm:  





(0.2 cm) × (2.5 ∙ 10−6 M)
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